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ABSTRACT

BACKGROUND
Within the military, soldiers perform physically demanding manual tasks, many of
which involve careful or precise object placement. Precision, in terms of limb position
or force during isometric single-joint contractions has been found to significantly
reduce endurance capacity. However, there is a paucity of research investigating the
effects of precision in terms of object placement during functional lifting tasks.

RESEARCH QUESTION
The overall aim of this thesis was to investigate the physical effects of precision on
three common military task aspects: maximal lift capacity, maximal acceptable weight
of lift and submaximal repetitive lifting to task failure. As one of the first studies to
investigate precision during functional whole body lifting tasks, the strategies used in
this thesis aim to identify or direct future research to further examine the specific
mechanisms limiting precise lifting capacity.

METHODS
A series of laboratory-based studies were conducted in two sections. Section One
investigated the effect of precision on maximal lift capacity (Chapter 2) and maximal
acceptable weight of lift (Chapter 3) at both an absolute and relative lift height, in
subject cohort one. Section Two investigated the effect of precision on repetitive lift
performance to task failure (Chapter 4) on subject cohort two. Physical differences
between the precise and non-precise lifting conditions were assessed by muscle
activity, lift duration, stance duration, rating of perceived exertion, heart rate and box
control.
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MAJOR CONCLUSIONS
Three major outcomes emerged from this investigation:
i)

Maximal lift capacity was reduced by 32-40% regardless of lift height when
precision was required;

ii) Reductions in mass were also seen for maximal acceptable weight of lift but
were observed only at an absolute lift height; and,
iii) Precision decreased repetitive lift duration to volitional task failure by 72%.

These results suggest precise object placement should be considered when analysing
manual lifting tasks in the design of physical employment standard assessments within
the military and other occupations. If this is not considered, a mismatch between
physical capacity and task demands may arise, resulting in an increased risk of injury.
Future research is required to specifically identify the mechanisms responsible for the
limited capacity observed when precision is required.
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CHAPTER ONE:
INTRODUCTION
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1.0 INTRODUCTION
In the 12-month period between June 2009 and 2010, 5.3% (640,700) of the total
Australian working population reported experiencing a work-related injury, with 56%
of these people taking time off work (Australian Bureau of Statistics, 2010). The
economic burden of these injuries has been estimated at $60 billion (Safe Work
Australia, 2012). Of these injuries strains and sprains (30%) are the most commonly
classified work-related injury, followed by chronic joint or musculoskeletal conditions
(18%). Collectively these two injury types thus account for nearly half of all reported
injuries in the work force. Similar trends exist within the Australian Defence Force,
with 30% of reported injuries resulting from a strain or sprain (ADF, 2000).
Furthermore, the rate of injury in the Australian Defence Force is almost twice the rate
of the mining industry, which has the highest occurrence of civilian injury in Australia
(Safe Work Australia, 2008). With regards to the reported mechanisms causing injury,
manual tasks are the most prevalent and account for 35% of all occupational injuries to
Australian workers. Of these injuries, 27% are reported during a single lift, pushing or
pulling tasks, while repetitive manual tasks account solely for 8% of all injuries to the
Australian workforce (Australian Bureau of Statistics, 2010). Therefore, single lift and
repetitive manual tasks are a focus of this thesis.

The risk and severity of a musculoskeletal injury increases when an object is heavy,
awkward or bulky, is lifted from ground level, requires frequent repetitive lifting or
when the task demand exceeds the physiological capacity of the person (Australian
Bureau of Statistics, 2010; Carrivick, et al., 2001; Chaffin, 1987; Clemes, et al., 2010;
Hoozemans, et al., 1998; Waters, et al., 1993). Correspondingly, an 8-fold increase in
lower back pain is observed among workers required to perform heavy lifting (Chaffin
and Park, 1973). However, the incidence of lower back injuries can be reduced by 30%
if the workers strength or physical capacity is matched to the specific occupational
demands of the task (Harbin and Olson, 2005).
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To assist in the assessment of physical task demands and reduce the high incidence of
lower back injuries, manual handling guidelines and formulae have been established
(International Organisation for Standardization, 2003, 2007; U.S. Department of Labor,
1991; Waters, et al., 1993). The guidelines and formulae take into consideration factors
known to influence the demands of a task, for example; the magnitude of asymmetry,
load carriage distance, horizontal and vertical movement of the load, frequency of load
lifting and the ease to grip and hold the load. Formal consideration of each of these
lifting factors allows calculation of a lifting index that permits estimation of a safe
lifting load (U.S. Department of Labor, 1991). However, such formulae are not
sufficiently robust to take into consideration the wide range of lifting permutations that
occur occupationally every day (Drury, 1985). For example, within the defence force
military tasks are required to be completed in a variety of environmental conditions,
terrains and visibility restrictions (Rayson, 1998; Williams and Rayson, 2006).
Furthermore, estimation of the relative loads of tasks performed in a restricted or
constrained work space are not yet formally considered by current guidelines and
formulae (U.S. Department of Labor, 1991).

The effect of whole-body restriction or reduced ceiling height on manual tasks has
been found to significantly reduce physical capacity (Christie and Wolfe, 2011;
Gallagher, 1991, 2005; Gallagher, et al., 2001; Kumar and Lechelt, 1999; Mozrall, et al.,
2000; Ridd, 1985; Sims and Graveling, 1988). Precision in terms of restrictions of object
placement has been found to be significantly increase physical demand and lifting task
duration (Drury, 1985; Mital, 1989; Mital and Wang, 1989). This is consistent with Fitts
Law, that states when precision or accuracy is required, a trade-off exists in movement
speed (Fitts, 1954; Zhai, et al., 2004). The effect of precision on the muscular strength
and endurance during manual lifting tasks is however, currently unknown.

Biomechanical studies of the effect of precision during manual lifting tasks have found
that precise object placement during both a single lift task and repetitive lifting task
significantly increased task duration (Beach, et al., 2006; Davis, et al., 2002). These
page 3

results are supported by previous research on object placement restrictions during
functional lifting tasks (Drury, 1985; Mital, 1989), as well as simple isometric singlejoint movements (Griffith, et al., 2010; Hunter, et al., 2004b; Hunter, et al., 2008; Maluf, et
al., 2005; Rudroff, et al., 2010b). The simultaneous production of force and limb
positioning during single-joint movement tasks was associated with a marked
reduction in time-to-task failure compared to a force task (Griffith, et al., 2010; Hunter,
et al., 2004b; Hunter, et al., 2008; Maluf, et al., 2005; Rudroff, et al., 2010b). Thus, physical
capacity or performance has been found to be negatively affected by precision in terms
of increased task duration during whole-body manually tasks and reduced time-totask failure in single-joint isometric tasks (Drury, 1985; Mital, 1989; Mital and Wang,
1989). However, the effect of precision on whole-body repetitive lift endurance or
maximal lift capacity is yet to be established.

Previous investigations of lifting capacity have focused on sagittal plane lifting
(Ayoub, et al., 1979; Beach, et al., 2006; Davis, et al., 2000; Davis, et al., 2002; Sparto, et al.,
1997b), and to a lesser extent asymmetric lifts that require no foot movement (Das and
Mabaleka, 2009; Davis, et al., 2002; Maines and Reiser, 2006; Mital and Fard, 1986). It is
more common however within the real life occupational setting for workers to lift
using a stepping action prior to object placement (Baril-Gingras and Lortie, 1995).
Lifting and stepping into a split stance has been found to be a more frequent lifting
strategy compared to parallel sagittal lifting stance (Wagner, et al., 2005). Therefore,
within this thesis a stepping strategy with a split stance was adopted during each
assessment of lifting performance.

Assessments to determine maximal lift capacity and maximal acceptable weight of lift
have been widely used in research and occupational settings to determine safe lifting
limits or as part of physical employment standards (Ayoub, et al., 1979; Ayoub, et al.,
1980; Garg and Saxena, 1979; Mital, et al., 1986; Rayson, et al., 2000; Snook and Irvine,
1966). Previous studies have observed that dynamic strength assessments are superior
to static (isometric) strength assessment for the purpose of predicting maximal lift
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capacity (Doolittle and Kaiyala, 1989; Mital, et al., 1986; Rayson, et al., 2000).
Furthermore, maximal acceptable weight of lift is a superior predictor of maximal lift
capacity when compared to other strength assessments due to identical task
characteristics including lifting technique and the objected lifted (Ayoub, et al., 1979;
Dempsey and Ayoub, 1996; Snook and Ciriello, 1974; Snook and Irvine, 1967; Snook, et
al., 1970; Wheeler, et al., 1994). In order to reduce the risk of injury, the prediction of lift
capacity within an occupational environment is critical, in order to match the workers
strength or physical capacity to the specific task demands (Chaffin, et al., 1978; Chaffin
and Park, 1973; Harbin and Olson, 2005; Harbin, et al., 2011; Herrin, et al., 1986).
Similarly, repetitive lift endurance performance been shown to be effective in
predicting the risk of musculoskeletal injury and is therefore is a strong predictor of
physical capacity (Chaffin, et al., 1978; Harbin and Olson, 2005; Harbin, et al., 2011;
McHugh and Gibson, 2011; Sharp and Legg, 1988; Snook, et al., 1978). The use of
assessments of maximal lift capacity, maximal acceptable weight of lift and repetitive
lift endurance have been found to be predictive of occupational performance and
therefore when correctly applied, reduce the risk of injury through improved matching
of worker capacity with actual physical task demands (Harbin and Olson, 2005).
However, it remains unknown if the three lifting assessments, when performed in a
dynamic split stance position, are affected by precise object placement in their ability to
successfully predict occupational performance.

Therefore, the purpose of this thesis was to assess the effect of precision in terms of
object placement constraints on common lifting assessments to evaluate physical
capacity. This involved two studies. The first study investigated the effect of precision
on maximal and maximal acceptable lift capacity, while the second investigated the
effect of precision on repetitive lift task performance (Figure 1.1).
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Figure 1.1: Schematic representation of the manual lifting studies and how these
studies relate to the thesis aim and outcomes
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SECTION A: STUDY ONE

PURPOSE AND AIMS
The purpose of Study One was to assess the effect of precise object placement on the
common strength lifting assessments, maximal lift capacity and maximal acceptable
weight of lift. Study One has been separated into two chapters. Chapter 2 focuses on
the effects of precision on maximal lift capacity, while Chapter 3 assesses the prediction
of maximal lift capacity from maximal acceptable weight of lift and other strength
assessments and anthropometric measures.

The aims of Chapter 2 include;
- To investigate the effect of precision on gross whole-body maximal lift
performance
- To examine the physiological effect of precision on maximal lift capacity,
assessing muscle activation and lift duration
- To objectively measure box control throughout the entire lifting movement
during each single lift of the non-precise and precise conditions

The aims of Chapter 3 include;
- To investigate the effect of precision on gross whole-body maximal lift capacity
and maximal acceptable weight of lift performance
- To examine the power of predicting maximal lifting capacity from maximal
acceptable weight of lift, strength assessments and anthropometric measures
during normal lifting conditions, and secondly with precise object placement.
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HYPOTHESES
Considering previous research of the effect of precise object placement on movement
and motor patterns, it was hypothesised that;
- Precise object placement will result in a reduction in maximal lift capacity and
maximal acceptable weight of lift,
- Muscle recruitment and activation patterns will differ significantly between the
precise and non-precise lifting tasks,
- Precise lifting will result in a decline in box movement during the complete lift
and in the final stages of performing the lift,
- The correlation between maximal lift capacity and maximal acceptable weight of
lift, strength assessments and anthropometric measures will differ with the
addition of precision lifting constraints.
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CHAPTER TWO:
PRECISE OBJECT PLACEMENT REDUCES MAXIMAL LIFT
CAPACITY
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2.0 ABSTRACT
Lifting is a common manual task within many civilian occupations and military trades.
Muscular strength is a key determinant of maximal lift capacity. Although this has
been extensively investigated, the influence of the object placement phase of a lift on
whole-body lifting capacity has received considerably less attention. This study
investigated the effect of precise object placement on whole-body maximal lift capacity
in twelve healthy recreationally active subjects. Each subject attended three sessions
including lifting familiarisation, muscular strength assessments, and assessment of one
repetition maximum (1RM) lift capacity during Precise and Non-precise lifting
conditions. Lifts were performed from the floor to a relative height (shoulder height) or
absolute height (1.7 meters), using a standardised box. The Precise lifting condition
required subjects to place the box between two markers positioned 2.6 cm wider than
the dimensions of the box. No markers were used for the Non-precise lifting condition.
During each lift, maximal lift capacity (kg), rating of perceived exertion (OMNI 10point scale), lift duration (sec), stance time (%) and electromyography (EMGRMS)
bilaterally of the 6 upper-limb and trunk muscles were assessed. A pronounced 40%
decline (9.05 kg, p=0.0037) in maximal lift capacity, and a significant (p=0.0021) 2.13 sec
increase in single lift duration was observed during the Precise condition at an
absolute lift height. This was associated with a 42% lower rating of perceived exertion
and 13% and 24% less EMGRMS muscle activity of left and right Deltoidanterior respectively
during the Precise condition compared to the Non-precise lifting condition. Similarly
at a relative lift height, maximal lift capacity was reduced by 32% (8.14 kg, p=0.0349)
and single lift time increased significantly (p<0.0001) by 1.67 sec in the Precise
condition relative to the Non-precise lifting condition. In contrast however, there was
no significant difference in the rating of perceived exertion or EMGRMS muscle activity
of left and right Deltoidanterior, during the maximal lift capacity at a relative lift height in
the Precise condition relative to the Non-precise condition. Not only was the 32%
reduction in lift mass associated with very similar muscle activation of the primary
shoulder flexor muscles, it was also associated with significantly lower EMG activation
in all of the other muscles tested during the Precise task. Therefore, the ~35% reduction
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in lifted mass with the addition of precision, was not directly associated with increased
muscular activity nor increased perceived physical exertion, suggesting other factors
may be contributing to the decline in maximal lift capacity during precise object
placement. The decline may be attributed to factors such as greater lift durations,
increased box control and more time spend in a split stance.

2.1 INTRODUCTION
Lifting, or moving a heavy object in a vertical direction, is a commonly performed
manual task and accounts for up to 27% of all occupational injuries to Australian
workers (Australian Bureau of Statistics, 2010). Maximal lift capacity is a common
assessment to evaluate occupational physical capacity, determining the peak mass that
can be raised in a one repetition lift (Snook and Ciriello, 1974). Although previous
research has assessed maximal lift capacity, the maximal lift assessments investigated
have used a squat or stoop lift, with the feet stationary in the sagittal plane (Beach, et
al., 2006; Davis, et al., 2002; Howarth, et al., 2009; Sparto, et al., 1997b). This gap in the
literature is an issue as a split stance lift (one foot in front of the other) or taking one or
more steps prior to object placement has been shown to be the preferred lift position
performed during routine occupational lifting tasks compared to a fixed stance in the
sagittal plane (Baril-Gingras and Lortie, 1995; Wagner, et al., 2005). Furthermore, heavy
lifting tasks often require precise object placement to permit successful task
performance and limit damage to the object and its immediate surroundings (Christie
and Wolfe, 2011; Drury, 1985; Gallagher, et al., 2001; Sims and Graveling, 1988).

Precision is commonly required within general occupational lifting tasks and similarly
within a military setting (Collier and Holland, 2010). However, the effect of precision
on lifting capacity has had little previous investigation. For example, when placing a
tyre onto the back of a car or truck, not only must the tyre to be lifted, but the object
must also be carefully positioned in such a way that it is aligned with the locking pins
on the axle. Similarly, within a military setting lifting a tank gun barrel demands the
proximal end of the barrel to be precisely positioned so that it interlocks successfully
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with the mounting connection on the tank. In each of these examples task success is
dictated not only by exerting sufficient force to lift the object, but adequate control of
this force is also critical so that the object may be placed within the environmental
constraints dictated by the specific task. Whilst it is known that insufficient intrinsic
capacity to meet extrinsic task demands significantly increases the risk of injury
(Australian Bureau of Statistics, 2010; Chaffin, 1987; Waters, et al., 1993), the effect of
manual tasks requiring control or precision has received limited scientific attention.
Indeed the effect of precision is not formally considered within international manual
handling standards (International Organisation for Standardization, 2007) or formally
acknowledged within formulae used to estimate task demands for manual lifting tasks
(U.S. Department of Labor, 1991). Yet it has been clearly established in single joint
static tasks that the addition of positional demands to a force task significantly
attenuates performance (Griffith, et al., 2010; Hunter, et al., 2004b; Hunter, et al., 2002;
Hunter, et al., 2008).

The influence of restricted space on object placement during manual tasks appears
inversely proportional to the degree of precision demanded of the task (Beach, et al.,
2006; Drury, 1985; Mital and Wang, 1989; Stambolian, et al., 2011). According to Fitts
Law, when precision is a priority a speed-accuracy trade-off is evident, that is the
greater the precision the slower the speed of the task (Fitts, 1954; Zhai, et al., 2004).
Precision has also been found to significantly reduce the time-to-task failure by up to
49% during isometric elbow flexion, despite the fact that similar external flexor force
production was maintained (Hunter, et al., 2002; Hunter, et al., 2008; Yoon, et al., 2009).
The marked reduction in physiological capacity during tasks that require positional
demands, that is precision, has been suggested to be related to modified control
strategies or muscle synergies that lead to premature onset of fatigue (Hunter, et al.,
2004b; Hunter and Enoka, 2003; Hunter, et al., 2002).
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The limited research of the effects of precision on physical tasks suggests that it has the
potential to significantly affect the intrinsic capacity to meet the extrinsic task
demands. Therefore, it is probable that precision will affect the physical capacity of
dynamic multi-joint maximal lifting tasks, such as maximal lifting capacity which is yet
to be investigated. As precise object placement within dynamic multi-joint maximal
lifting tasks is commonly performed within both the occupational and military setting
and is currently not considered within international manual handling standards, such
research could assist to decrease injury risk through improvements in the matching of
physical intrinsic capacity and extrinsic task demands. It was hypothesised that
precision will reduce maximal lift capacity, alter muscle recruitment and consequently
modify the lifting strategy shown by increased duration to perform the precise lifting
task. This study therefore aimed to investigate the physiological effects and strengthaccuracy trade-off of precision on gross whole-body maximal lift performance.

2.2 METHODS AND MATERIALS
2.2.1 Subjects
Twelve healthy recreationally active subjects (six males and six females) provided
voluntarily written informed consent (Appendix A), completed a medical history
screening questionnaire (Appendix B) and were given a subject information package
(Appendix C) prior to participating in the investigation. All subjects were free from
injury and reported no formal resistance training or heavy manual labour in the last 12
months. All procedures were approved by the Human Ethics Research Committee at
the University of Wollongong (Appendix D).
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2.2.2 Experimental design
Subjects attended the laboratory on three separate occasions (Figure 2.1), with each
visit separated by a minimum of 48 hours. In Session One, the subjects were
familiarised with the lifting task requirement, basic anthropometric measures were
recorded (MacDougall, et al., 1982), and two upper limb strength tests were measured,
including bench press (Harman, et al., 2008), and grip strength (MacDougall, et al.,
1982). In Session Two, subjects completed a second lifting familiarisation session and a
free-weight six-repetition maximum squat was assessed (Harman, et al., 2008). At the
final laboratory visit, Session three, four assessments of maximal lift capacity (1RM)
were assessed, a Non-Precise and Precise lift to an absolute height and a Non-Precise
and Precise lift to an relative height, with a minimum of 12 minutes rest between each
assessment (De Salles, et al., 2009). The order of the lift assessments in Session Three
were completely randomised, including, (i) Absolute Non-precise, (ii) Absolute
Precise, (iii) Relative Non-precise, and (iv) Relative Precise. The absolute lift height
was 1.7 m and the relative height was to individual shoulder heights. The Non-precise
and Precise tasks differed only on the final box placement.

Figure 2.1: Experimental design, three sessions separated by a minimum of 48 hours
rest
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2.2.2.1 Experimental movement and lifting conditions
A split stance lifting technique was adopted due to its common occupational use and
lack of previous research. The Non-precise and Precise lifting tasks involved the same
three-phase technique, with the subjects moving through each phase in one fluid
movement (Figure 2.2). Phase One, subjects stood upright facing the lifting platform
behind a 30.5 cm x 30.5 cm x 30.5 cm metal box placed 10.0 cm from the platform base
on the floor. Subjects were required to place their feet within a 60 cm by 40 cm
boundary, the area allocated to the force plate (Type 9253B12, Kistler Instrumente AG
Winterthur, Switzerland; 60 cm x 40 cm; 1000 Hz). The box was placed centrally in
front of the subject on a second adjacent force plate 60 cm x 40 cm (Type 9281B11,
Kistler Instrumente AG Winterthur, Switzerland; 60 cm x 40 cm; 1000 Hz). Phase Two,
required subjects to perform in a controlled manner a bilateral squat and grip the box
handles located 20.0 cm above ground level then stand upright simultaneously lifting
the box. In Phase Three, the subjects stepped forward with their preferred foot within
the boundaries of the second anteriorly adjacent force plate, while simultaneously
elevating their arms to place the box onto the lift platform. This was the exact lift for
the Non-precise condition, with the Precise condition differing only in box placement.
Regardless of subject stature, the experimental set up remained constant to ensure
consistency when comparing lift conditions within each subject. The box in the Precise
condition had to be placed between two dowel markers located on the lift platform,
33.1 cm apart and 15.0 cm high. This meant that between the edge of the box and the
dowel markers, there was a 1.3 cm horizontal margin either side (total 2.6 cm) of the
box, with a 5.0 cm vertical margin to the handles on the box. Subjects were given a
standardised instruction you must place the box precisely between the markers without
touching them. No other instructions were given to the subject during the course of
each trial.

page 21

Lift height was defined as the final height of the subject s hands upon box placement
with the absolute lift height equalling 1.7 m and relative lift height equal to each
subjects own shoulder height. Due to the box handles located 20 cm from the box base
the absolute shelf height was set at 1.5 m and relative shoulder height was set at 20 cm
(± 0.5 cm) below the height of acromioclavicular joint height of each subject.

Figure 2.2: Experimental three-phase lifting technique

2.2.3 Experimental procedures
2.2.3.1 Anthropometric measures and strength assessments
Body mass (kg), stature (cm) and standing shoulder (acromion) height (cm) were
measured with subjects wearing light exercise clothes and shoes and socks that would
be worn for all physical assessments (MacDougall, et al., 1982). Strength assessments
included a six repetition maximum free weight bench press and squat, dominant and
non-dominant unilateral grip strength tests, assessed according to the procedures
outlined by Harman et al, (2008) and MacDougall et al, (1982) respectively. These
strength assessments allowed correlation analysis for predicting maximal lifting
capacity.
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2.2.3.2 Familiarisation
All subjects followed a standardised familiarisation and warm up protocol. This
involved observation of a standardised computer-based presentation which outlined
the correct and incorrect lifting technique (Appendix E), followed by standardised
lifting instructions which were read to each subject (Appendix F). Ten unweighted
squats were completed to 90 degrees knee flexion, followed immediately by ten 8.5 kg
box lift squats that required the box to be raised from the ground to one of the two
specified shelf heights. The box was then lowered from the shelf to the ground by two
spotters (Snook and Irvine, 1968).

2.2.3.3 Maximal lift capacity
Maximal lift capacity was defined as the peak mass that could be lifted in a single
repetition from ground to shelf height (Snook and Ciriello, 1974; Snook, et al., 1970). A
standard warm-up and orientation procedure was used for all lifts as performed
during familiarisation. The starting mass for all trials was 8.5 kg, which equated to the
mass of the box when empty. For all maximal lift capacity measures subjects lifted and
placed the box onto the shelf, once the subjects released their grip from the box, the box
was then lowered to the ground by researchers and placed on the ground at the
original starting point (Snook and Irvine, 1968). After each successful lift the mass of
the box was increased by a minimum of 2.5 kg and maximum of 5.0 kg. The highest
mass achieved from a successful lift was defined as the maximal lift capacity within
each experimental condition. A minimum of 3 minutes rest was allocated between each
lift and 12 minutes rest between the Non-precise and Precise conditions.

Termination of the maximal lift capacity assessment with the Non-precise task were
based upon the following criteria; i) sliding the box onto the shelf, ii) failure to lift the
box to the shelf, or iii) unable to maintain a safe lifting technique, such as, loss of
neutral spine in the lumbar or thoracic spine. An additional criterion was added for the
Precise condition, requiring subjects to place the box on the shelf without coming in
contact with the dowel markers.
page 23

2.2.3.4 Materials and apparatus
2.2.3.4.1 Box movement
To objectively determine the degree of movement in the box during each lift, a threedimensional accelerometer (Model No. 2460-005 ±5g Triaxial Accelerometer, Silicon
Designs Inc, Issaquah, USA) was affixed centrally to the superior surface of the box.
Accelerations to ±4 volt differential output (or 0.5 volts to 4.5 volts) were measured in
the vertical, anterior-posterior and medial-lateral planes, the standard deviation from
the mean value of the combined acceleration planes were calculated and reported. All
signals were collected at 1000Hz (CED Power1401 mk II, Cambridge Electronic Design
Limited, Cambridge, UK) through Spike 2 software (Version 5.13, Cambridge
Electronic Design, Cambridge, UK).

2.2.3.4.1 Single lift and stance duration
The time taken for the box to be moved from ground to placement on the lift platform
was defined as the single lift duration, which was measured by objective markers. The
commencement of each lift was denoted by the force plate data as a decrease from
baseline of the vertical ground reaction force, which occurred when the box was lifted
off the force plate (Type 9281B11, Kistler Instrumente AG Winterthur, Switzerland; 600
mm x 400 mm; 1000 Hz). The end of a single lift was determined by the tri-axial
accelerometer affixed to the box, which signaled the vertical acceleration upon contact
of the box with the shelf. The time elapsed between the start and completion points of a
single lift were defined as the single lift duration.

Each single lift required a change in stance, at commencement of the movement a
sagittal parallel stance was adopted and a split stance was required for completion of
the lift. The duration of each stance phase was also measured by objective markers.
Parallel stance duration was defined as the period between commencement of the lift
using the force plate data as explained above and to foot placement onto the front force
plate, which was identified by a marked change in the vertical ground reaction force
recorded via the front force plate. Split stance duration was defined as the elapsed time
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from foot placement on the front force plate to successful completion of the box lift
onto the shelf using the tri-axial accelerometer data explained above. Results for stance
durations were normalised to single lift duration.

2.2.3.5 Muscle Activity
Electromyographic (EMG) activity was recorded bilaterally of muscles of the shoulder
and back involved in the lifting activity. Prior to electrode placement, the skin of each
subject was shaved, abraded and cleansed with alcohol (Ambu Blue Sensor Electrode,
Ag/AgCL contact area 95mm2). Electrodes were adhered to the skin with a 2.0 cm interelectrode distance bilaterally (Cram and Kasman, 1988). All muscles were measured
according to Cram and Kasman (1988) including the Deltoidanterior, (midway between the
lateral third of the clavicle and the deltoid tuberosity ~4cm below clavicle), Deltoidposterior,
(midway between the lower boarder of the scapula spine crest and the deltoid
tuberosity), Upper trapezius (midpoint of C7 and the acromion over the largest muscle
mass), Biceps brachi (midway between the corocoid process of the scapula and the
radial tuberosity), Triceps lateral head (midway between the acromion and the olecranon
process, middle of the muscle belly) and the lumbar Erectus SpinaeL3 (2.0 cm lateral of
the spine at L3 vertebra over middle of muscle mass).

A wireless EMG system (Noraxon Telemyo 2400T, Scottsdale, Arizona) collected the
electromyographic signals at 1000 Hz, which were processed by an analogue to digital
convertor (CED Power1401 mk II, Cambridge Electronic Design Limited, Cambridge,
UK) and analysed off-line by Spike 2 software (Version 5.13, Cambridge Electronic
Design, Cambridge, UK). All EMG signals analysed off-line were band-pass filtered
(10-500 Hz), and then adjusted by 0.20 ms to synchronise the wireless EMG data with
the other kinetic and kinematic data collected. A series of 100 ms windows with a 50%
overlap were scrolled through the entire duration of the lift with the average root mean
square amplitude (EMGRMS) calculated for the lift. All reported EMGRMS was
normalised to maximal lift capacity assessment in the Non-precise condition at the
defined lift height. That is, the Precise absolute lift was normalised to the Non-precise
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absolute lift, and similarly at the relative lift height the Precise was normalised to the
Non-precise.

2.2.3.6 Rating of perceived exertion
At the completion of each lift, subjects were asked to rate their perceived effort using
the OMNI-10 point Rating of Perceived Exertion (RPE), defined as the subjective
intensity of effort, strain, discomfort and/or fatigue that you feel during exercise
(Robertson, et al., 2003). OMNI-10 point RPE scale (Appendix G) has been validated for
use during resistance exercise (Robertson, et al., 2003).

2.2.4 Statistical analysis
All data were reported as means and 95% confidence intervals or when otherwise
stated standard deviations. Paired two-tailed t-tests (p<0.05) were used to assess the
difference between the Non-Precise and Precise conditions for; (i) single lift duration,
(ii) box movement (iii) RPE, and (iv) stance time. Alpha was set for all analyses at
p<0.05.
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2.3 RESULTS
Twelve subjects (19.1 years (1.7 SD), 67.5 kg (8.6 SD) and 177.1 cm (9.4 SD)) volunteered
and completed the investigation. The average strength for the strength assessments
was 38.5 kg (17.9 SD) for the six-repetition maximum bench press, 64.3 kg (22.0 SD) for
the six-repetition maximum squat and 35.3 kg (9.9 SD) and 32.9 kg (9.7 SD) for
dominant and non-dominant hand grip strength respectively. A significant correlation
was observed between maximal lift capacity and maximal acceptable weight of lift, and
strength measures for bench press, squat and grip strength for the Non-precise
condition at both an absolute and relative height and for the Precise condition at an
absolute height (Table 2.1). No significant correlation was observed between the
strength measures during the Precise lifting condition at relative lift height. Regardless
of lift height, maximal lift capacity significantly correlated with stature during the
Non-precise conditions, however, there was no difference during the Precise lifting
tasks.

The maximal mass lifted during the Precise condition was significantly less than the
Non-Precise condition at both an absolute (p = 0.0037) and relative lift height (p =
0.0349) (Figure 2.3). At an absolute lift height, the maximal lift capacity during the
Precise condition was 13.8 kg (11.2, 16.4) compared to 22.8 kg (17.7, 27.9) in the NonPrecise condition. Similarly, at a relative lift height, the maximal mass lifted during the
Precise condition 18.2 kg (14.3, 22.0) compared to 26.3 kg (20.6, 32.1) during the Nonprecise condition.
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Table 2.1: Strength measures and stature prediction power of Maximal lift capacity
Absolute

Absolute

Relative

Relative

Non-Precise

Precise

Non-Precise

Precise

Grip Strength (Dominant)

0.67**

0.45*

0.76***

0.40

Grip Strength (Non-dominant)

0.67**

0.45*

0.71***

0.30

6RM Squat

0.75**

0.54*

0.86****

0.19

6RM Bench

0.60**

0.49*

0.81****

0.02

Stature

0.55**

0.18

0.41*

0.19

Correlation results represented as (R2) where * p < 0.05, ** p < 0.005, *** <0.0005,
and **** p <0.0001

Mass (kg)

35

**

*

30

Non-Precise

25

Precise

20
15
10
5
0
Absolute

Relative
Condition

Figure 2.3: Maximal lift capacity final box mass at an absolute and relative lift height
* p = 0.0037 and ** p = 0.0349, means ± 95% confidence intervals
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No difference was observed in EMGRMS when lifting a submaximal 8.5 kg load in the
Precise or Non-precise condition at either an absolute or relative lift height. However,
lift duration at a submaximal 8.5 kg load significantly increased during the Precise
condition at an absolute lift height (p = 0.0021; Precise 4.86 sec (3.4, 6.3), Non-Precise
2.51 sec (2.3, 2.7)) and a relative lift height (p < 0.0001; Precise 4.24 sec (3.1, 5.3), Nonprecise 2.47 sec (2.3, 2.7)). A greater percentage of the duration of the lift was also spent
in the split stance position during the Precise condition compared to the Non-precise
condition at both an absolute height (p < 0.0001; Precise 54% (46, 62), Non-precise 32%
(29, 36)) and a relative shoulder height (p = 0.0024; Precise 49% (43, 54), Non-precise
36% (32, 40)). Triaxial box movement displayed significantly less deviation during
Precise condition compared the Non-precise condition at both the absolute lift height
(p = 0.0214; Precise 0.17 g (0.13, 0.21), Non-precise 0.23 g (0.20, 0.25)) and the relative
lift height (p = 0.0296; Precise 0.14 g (0.11, 0.17), Non-precise 0.15 g (0.16, 0.20)). The
reduction in box movement and increase in lift duration was not associated with any
changes in muscle activity during the submaximal 8.5 kg lift of the Precise lifting task.
Similar differences were observed during Precise maximal lifts.

During maximal lifting at an absolute lift height, the EMGRMS muscle activity for the
left and right Deltoidanterior (primary shoulder flexors) were significantly lower (p =
0.0093 and p = 0.0106 respectively) for the Precise condition when compared to the
Non-Precise condition. The Precise task also exhibited significantly lower EMGRMS
muscle activity for left and right Biceps Brachii (p = 0.0008 and p = 0.0036 respectively),
left Deltoidposterior (p = 0.0057), left Upper Trapezius (p = 0.0289), left and right Erector Spinae
(p = 0.0015 and p < 0.0001). No significant difference was found in right Deltoidposterior or
right Upper Trapezius. The overall lower EMGRMS muscle activity during the Precise
lifting task at an absolute lift height supported by the significantly lower mass lift in
this condition (p = 0.0048).

At a relative lift height, the reduction in EMGRMS muscle activity during maximal lifting
of the Precise condition was generally lower when compared to the Non-Precise
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condition. The EMGRMS muscle activity of left and right Deltoidposterior (p = 0.0073 and p =
0.0048 respectively), Biceps Brachii (p = 0.0035), left and right Upper Trapezius (p=0.0013
and p=0.0233 respectively) and left and right Erector Spinae (p=0.0260 and p = 0.0054)
were all significantly lower during the Precise condition compared to the Non-precise
condition. In contrast to the absolute lift however, no significant difference was found
in left and right Deltoidanterior or right Biceps Brachii for the Precise lift compared to the
Non-precise lift. Overall however, the lower EMGRMS muscle activity during the
Precise lifting task at a relative lift height was also supported by the significantly lower
mass lift in this condition (p = 0.0048).

At a maximal lift mass, the rating of perceived exertion was significantly lower during
the Precise condition compared to the Non-precise task at an absolute lift height (p =
0.0048; Precise 4.85 (3.4, 6.3), Non-precise 8.17 (7.0, 9.4)). The maximal box masses
lifted to the absolute lift height were also consistent with previously reported ratings of
perceived exertion. The lower EMGRMS muscle activity of the primary shoulder flexor
muscles at the absolute lift height also supported the lower ratings of perceived
exertion during Precise lifting condition. However, the ratings of perceived exertion at
a relative lift height were not significantly different (p = 0.2281) between the Precise 7.5
(5.8, 9.2) and the Non-precise 8.6 (7.9, 9.3) maximal lift, despite a significant reduction
in the maximal box mass lifted (p = 0.0048).

Lift duration at a maximal lift mass was significantly longer during the Precise
condition compared to the Non-precise condition, showing ~45% increase at an
absolute lift height (p = 0.0021; Precise 4.78 sec (3.3, 6.3), Non-precise 2.65 sec (2.3, 3.0)),
and a 51% increase at a relative lift height (p < 0.0001; Precise 4.28 sec (3.6, 5.0), Nonprecise 2.61 sec (2.3, 3.0)) (Figure 2.4).

As with the sub-maximal lift, a greater

percentage of the lift duration was spent in split stance during the Precise compared to
the Non-precise lift at both an absolute height (p = 0.0009; Precise 53% (44, 61), Nonprecise 32% (26, 38)), and at a relative shoulder height (p < 0.0001; Precise 50% (44, 55),
Non-precise 33% (30, 37)). Also consistent with the sub-maximal lift, the triaxial box
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movement displayed significantly less deviation during Precise condition compared
the Non-precise condition at both the absolute lift height (p = 0.0004; Precise 0.16 g
(0.12, 0.19), Non-precise 0.27 g (0.22, 0.32)) and the relative lift height (p = 0.0106;
Precise 0.13 g (0.10, 0.16), Non-precise 0.21 g (0.17, 0.25)). Further reductions in triaxial
box movement were also observed during the last 500ms prior to box placement
during the Precise condition at absolute (p=0.0046) and relative (p=0.0223) lift height. In
contrast to the submaximal lifts, the differences in box movement were associated with
changes in muscle activity.
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Figure 2.4: Lift durations, at an absolute and relative lift height
* p < 0.05 and ** p < 0.001, means ± 95% confidence intervals
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2.4 DISCUSSION
The most significant finding of our study was that the addition of a precision task
resulted in a marked reduction in maximal lift capacity at an absolute and relative lift
height and an increase in lift duration. Maximal lifting with a precision constraint, lead
to significant changes of kinematics and declines in ratings of perceived exertion and
muscle activation. The reduced ability of subjects to exert maximal strength during
whole-body lifting movements that require a degree of accuracy would appear to have
significant implications for occupational manual tasks.

Strength assessments and anthropometric measures have been correlated and found to
be good predictors of maximal lift capacity (Aghazadeh and Ayoub, 1985; Beckett and
Hodgdon, 1987; Chaffin, et al., 1978; De Looze, et al., 1992; Dempsey and Ayoub, 1996;
Nottrodt and Celentano, 1987; Poulsen and Jorgensen, 1971; Sharp, et al., 1980). The
correlations to predict maximal lift capacity from physical strength assessments and
stature were much lower in the Precise condition compared to the Non-Precise. In the
Non-Precise maximal lift capacity, 6RM Squat was a strong predictor of maximal lift
capacity with correlation of R2 = 0.75 and R2 = 0.86 at an absolute and relative height
respectively. These were reduced to R2 = 0.54 during the Precise absolute lift height
condition. This suggests that strength assessments do not offer the same degree of
prediction for Precise maximal lifting, and should therefore be used with caution
within an occupational setting to predict the maximal load that can be safely lifted
when precision is also required.

We observed with the addition of precision, maximal lift capacity decreased at both an
absolute and relative lift height by 40 and 32% respectively. As this is the first study to
investigate the effect of precision on maximal lifting tasks it cannot be directly
compared to previous research. However, the results were consistent with previous
investigations that found a decline in single-joint force production during isometric
muscle activations and reduced submaximal estimates of work performance (Drury,
1985; Hunter, et al., 2004a; Hunter, et al., 2008; Maluf, et al., 2005; Mital and Wang, 1989;
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Rudroff, et al., 2010a). During isometric elbow flexion, the addition of a positional
demand was found to significantly reduced time-to-task failure by approximately 50%
compared to the same force matched task (Hunter, et al., 2004a; Hunter, et al., 2008;
Maluf and Enoka, 2005; Rudroff, et al., 2010a). Similarly, during a functional palletising
lifting task, the expected duration of sustained lifting performance was significantly
reduced with the inclusion of a precision constraint (Drury, 1985). Furthermore,
restricted object placement during submaximal lifting tasks has also been found to
reduce maximal acceptable lift capacity and frequency (Mital, 1989). Therefore, the
results of the current study showing a 32-40% reduction in lift capacity with the
addition of precision are supported by these previous investigations. A possible
mechanism behind the reduced maximal lift capacity during the Precise condition of
the current study may be the associated increase in the lift duration.

The significant increase in lift duration found during Precise maximal lift capacity at
both an absolute (45% increase) and relative lift height (51% increase) was also found
during the submaximal box mass (8.5 kg) at both an absolute and relative height (~ 40%
increase in both). Therefore, lift duration did not appear to be a function of the mass
that was lifted, but rather was determined by the degree of precision required to
successfully complete the task. This finding is consistent with previous research that
has found restricted object placement to increase task duration, reduce recovery time
and therefore limit endurance capacity (Beach, et al., 2006; Drury, 1985; Mital and
Wang, 1989). Thus, physical capacity or performance has been found to be negatively
affected by precision in terms of increased task duration during whole-body manual
tasks (Drury, 1985; Mital, 1989; Mital and Wang, 1989). Beach et al, (2006) found mean
lift time increased by 27% during precise repetitive lifting, while Drury (1985) found it
was necessary for mechanical operators to utilise a slower movement when required to
precisely place pallet loads in a desired location. Increased lift duration when
performing manual tasks is directly related to an increased the risk of lower back
injury (Marras, et al., 2010). Our findings and those of previous investigations may be
explained by Fitts Law which states that when precision is a priority, a speed-accuracy
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trade-off exists (Fitts, 1954; Zhai, et al., 2004). That is, when accuracy is a priority, the
movement speed is reduced. While lift duration was observed to increase with
precision in our investigation, we also observed Precise lifting required subjects to
adopt a modified lifting strategy evident by the changes in the duration of parallel
versus split stance position during the lift and the changes in EMG activity.

Precise lifting increased the duration of the split stance phase compared to the NonPrecise lifting, highlighting the variation in the kinematics of the adopted lifting
strategy. Time spent in split stance, that is one foot in front of the other, increased by
44% at a relative lift height and 40% at an absolute lift height during Precise lifting.
Similarly, at the submaximal load of 8.5 kg, split stance increased at relative and
absolute lift height by 27% and 41% respectively. Previous investigations found a split
stance foot position during manual lifting tasks to be the most common and preferred
lifting technique (Baril-Gingras and Lortie, 1995; Wagner, et al., 2005) and has been
found to allow for greater postural control in the anterior-posterior direction when
compared to the adoption of a parallel stance (Kollmitzer, et al., 2002). It has been
suggested that the complexity of postural control is reduced in a spilt stance and
therefore greater attention or cognitive functioning is available and allocated to
successfully execute the precise object placement (Kollmitzer, et al., 2002; Pellecchia,
2005). Our results suggest that tasks that require precision require greater time to
successfully execute, and could postulate precise object placement require greater
cognitive loading. However, further research is required to confirm this speculation.
Consequently, subjects chose to spend a greater duration in the split stance foot
position when compared to a parallel stance during the Precise lifting task to achieve
task success. These results were apparent regardless of lift height. It should be noted
however, the reported perceived effort was observed to differ between lift heights.

The subjective ratings of perceived exertion were inconsistent between the absolute
and relative lift heights in the Precise and Non-precise lifting condition. At the
absolute lift height, the subjective ratings of perceived exertion were less in the Precise
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lifting condition as expected by the reduced maximal box mass lifted. However, at the
relative lift height, there was no difference in the subjective ratings of perceived
exertion in the Precise and Non-precise lifting condition. This may be due to a tradeoff in the Precise lifting condition between decreased maximal box mass lifted (32%
reduction) and increased lift duration (approximately 50% increase). That is, although
physical exertion was decreased by the reduced box mass lifted, it was simultaneously
increased by increased duration of the box lift. Other factors may also be involved in
the subjective perceived exertion with the addition of precision, for example, visual
field. The significantly lower difference in subjective ratings of perceived exertion in
the Precise lifting condition at the absolute lift height may have been affected by the
height range of the subjects in the current study, which ranged from 1.58

1.92 m. This

may have made it easier for the taller subjects to use visual feedback in box placement,
as they were looking down at the placement restrictions at the absolute lift height of 1.7
m, possibly leading to a lower subjective ratings of perceived exertion compared to the
shorter subjects looking up at or level with the box placement (Snook and Ciriello,
1991; Villanueva, et al., 1997). This visual field difference would not have affected the
subjective ratings of perceived exertion at the relative lift height, as each subject had
the same visual field as the shelf height was set at the individuals shoulder height. The
inconsistent response in the subjective ratings of perceived exertion at the absolute and
relative lift height with the addition of precision does suggest however, that subjective
ratings of perceived exertion may not be the useful indicator to distinguish the
difference in task demand with the addition of precision.

The EMG activity of the muscles of the shoulder and trunk also differed to a lesser
extent between the absolute and relative lift heights in the Precise and Non-precise
lifting conditions. Although overall a reduction in EMG activity was observed at the
maximal box mass lifted in the Precise condition at both the absolute and relative lift
heights, the EMG activity of prime shoulder muscles used in the lifting activity left and
right Deltoidanterior and right Biceps Brachii were not significantly less in the Precise lift
compared to the Non-precise at the relative lift height. These findings are not
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consistent with Davis et al. (2002), who observed a significant increase in trunk muscle
activation with the addition of a precision constraint during a lifting task. Within the
current investigation, the reduction in overall EMG activity in the muscles of the
shoulder and trunk in the maximal box lift in the Precise condition compared to the
Non-Precise condition was consistent with the reduced box mass lifted. This was
consistent with Beach et al. (2006) who observed no change in muscle activation during
precise repetitive whole-body lifting, compared to the unconstrained condition, despite
a significant change in lifting mechanics. However, within the current investigation,
the lack of difference in EMG activity during the sub-maximal box lifts between the
Precise and Non-precise condition support the association of the EMG muscle activity
of the shoulder and trunk muscles measured with the box mass lifted. The reduced
EMG activity in the Precise condition however did not support the reduced triaxial box
movement measured by the triaxial accelerometer. It was presumed that the increased
control of the box would require greater muscle activity (Gates and Dingwell, 2008).
However, the EMG activity of the muscles of the shoulder and trunk measured in the
current study were overall less despite the reduced triaxial box movement and hence
increased control of the box throughout the entire lift movement. Also despite the
increased lift duration of the Precise condition, it is possible that the large reduction in
the maximal box mass lifted masked the changes in EMG activity that may have
occurred due to increased box movement control or lift duration. Alternatively, muscle
activity may have increased in other muscles not measured or perhaps more central
neural mechanisms may have been involved in the increased control of the box
movement, which cannot be measured by EMG.

The reduced triaxial box movement supports the variation in the kinematics of the
adopted lifting strategy, suggested by the increased lift duration and time spent in a
split stance position. The box movement in the current study was markedly reduced at
both lift heights (absolute 39%, relative 43%) throughout the entire movement and to
an even greater extent within the last 500 ms of the lift (absolute 50%, relative 66%).
This was consistent with previous research, which has found when accuracy
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requirements are a priority for task success, movement speed reduces just prior to
object placement or task completion (Drury, 1985; Fitts, 1954; Zhai, et al., 2004). This
study was the first investigation to quantify precision not only for box placement, but
also for the entire lift, providing new information about the entire lift movement. That
is, although the precision was only required for the box placement at the end of the lift,
the precision of the entire lift movement also dramatically increased, suggesting that
the entire lift movement was effected by the addition of a restricted box placement at
the end of the lift. Previous lifting investigations have not quantified precision during
constrained object placement tasks yet they have recognised this as a limitation within
their investigations (Beach, et al., 2006; Davis, et al., 2002).

It is known that increased control and accuracy is associated with elevated task
demands in order to successfully execute the movement (Christie and Wolfe, 2011;
Mital, 1989; Mital and Wang, 1989; Mozrall, et al., 2000; Stambolian, et al., 2011).
Furthermore, it is also known that a mismatch between extrinsic task demands and
intrinsic physical capacity is associated with an increased risk of injury (Australian
Bureau of Statistics, 2010; Chaffin, 1987; Waters, et al., 1993). Despite this, current
manual handling guidelines and formulae do not recognise precision as a factor to be
considered

when

estimating

task

demand

(International

Organisation

for

Standardization, 2003, 2007; U.S. Department of Labor, 1991; Waters, et al., 1993).
Similarly, it is not considered in the development and setting of bone-fide
occupationally relevant, physical employment standards (Harbin and Olson, 2005;
Harbin, et al., 2011; Jamnik, et al., 2010; McHugh and Gibson, 2011). The significant
differences in the maximal box mass lifted, lift duration, triaxial box movement
throughout the entire lift and EMG muscle activity in the Precise compared to the
Non-Precise condition at an absolute and relative lift height confirms precision should
be an important consideration in the determination of task demand during manual
tasks to ensure that task demands are matched to the worker s capabilities (Harbin and
Olson, 2005; McHugh and Gibson, 2011).
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2.5 CONCLUSION
The purpose of this study was to investigate the effect of precise object placement on
maximal lift capacity. The addition of precision lead a 32-40% reduction in lifted mass,
approximately a 50% increase in lift duration, with more time spend in a split stance
position and increased box control at both the end of and throughout the entire lift
movement. Precision was also associated with a reduction in muscular activity
suggesting that the reduction in the maximal box mass lifted may have masked the
changes in EMG activity that may have occurred due to increased box movement
control and lift duration or that other muscle activity or more central neural
mechanism may have been involved in these changes. The inconsistent response of
subjective ratings of perceived exertion at the different lift heights, suggest that it may
not be an accurate measure to assess the effect of precision of maximal lifting capacity.
These results conclude that precise object placement alters the lifting dynamics, and
therefore is an important consideration in the determination of task demand during
manual tasks, to ensure that task demands are matched to the workers capabilities to
minimise risk of injury.
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3.0 ABSTRACT
Occupational injuries resulting from single repetition manual tasks account for up to
27% of all manual handling injuries within Australia. Single repetition, maximal lift
capacity assessment has been used to determine the peak loads that a worker can lift.
However, peaks loads determined in this way are often not considered suitable for
routine lifting tasks in the workplace. Maximal acceptable weight of lift (MAWL)
allows for assessment of peak loads suitable for use in the workplace, however, the
ability of MAWL to predict maximal lift capacity requiring precise object placement is
currently unknown. Precision is also known to significantly attenuate maximal lift
capacity. Thus this investigation sought to determine the relationship between
maximal lift capacity and MAWL during whole-body lifting tasks that required Precise
and Non-precise object placement. Twelve healthy recreationally active subjects
attended five sessions; including lifting familiarisation, strength assessments, and
assessment of one repetition maximum (1RM) lift capacity and MAWL during Precise
and Non-precise lifting conditions, either at a relative lifting height (shoulder height)
or absolute height of 1.7 m using a standard box. The Precise lifting condition required
subjects to place the box between two markers positioned 2.6 cm wider than the
dimensions of the box. No markers were used for the Non-precise lifting condition.
Maximal lift capacity (kg), maximal acceptable weight of lift (kg) and rating of
perceived exertion (OMNI 10-point scale) were assessed for each lift. At an absolute
lift height with precision, maximal acceptable weight of lift (R 2 = 0.56) was the best
predictor of maximal lift capacity, followed by the 6RM squat (R2 = 0.54). At an
absolute lift height for Non-precise lifting, we observed the 6RM squat (R2 = 0.75) was
the best predictor for Non-precise maximal lift capacity. Non-precise MAWL predicts
only 53% variation of the Non-precise maximal lift capacity at an absolute and relative
lift height. At a relative lift height, Precise maximal lift capacity was not associated
with any significant correlations. However, Non-precise lifting at a relative lift height
found the 6RM Squat (R2 = 0.86), 6RM bench (R2 = 0.81) and dominant hand grip
strength (R2 = 0.76) were able to predict between 76-86% of the Non-precise maximal
lift capacity. Our results demonstrate Non-precise maximal lift capacity is correlated
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with maximal acceptable weight of lift (absolute height, R2 = 0.56; relative lift height, R2
= 0.86) and other strength assessments including 6RM squat and bench, and grip
strength. However, the relationship between maximal lift capacity and maximal
acceptable weight lift is modified when a Precise lifting constraint is introduced, with
significantly lower correlations observed at an absolute lift height and no significant
correlations at a relative lift height. Our results suggest precision significantly reduces
our ability to predict Precise maximal lift capacity. Therefore, in the assessment of
occupational manual tasks, precision requires specific assessment and should be
considered in the calculation of a sustainable, occupationally relevant whole-lifting
mass.

3.1 INTRODUCTION
Within Australia, 35% of all occupational injuries result from physical manual tasks. In
order to reduce the risk of musculoskeletal injury within the workplace, designing and
implementing physical employment standard assessments provides a method for
matching worker capabilities or physical capacity with task specific occupational
requirement (Chaffin, et al., 1978; Nottrodt and Celentano, 1987). Maximal lift capacity
is a physical employment standard assessment used to evaluate worker suitability and
determines the peak loads that a worker can lift (Dempsey and Ayoub, 1996; Rayson, et
al., 2000; Snook, et al., 1970; Wheeler, et al., 1994). However, the use of a maximal lift to
determine peak load is often not considered suitable for routine lifting tasks in the
workplace as the assessment itself poses risk of injury (Ayoub and Dempsey, 1999;
Ayoub, et al., 1979; Snook and Irvine, 1967). Maximal acceptable weight of lift (MAWL)
is an alternative physical employment standard assessment to determine the maximal
acceptable loads that a worker can lift. The MAWL assessment is psychophysical
measure of performance and poses less risk of injury than the maximal lift capacity
assessment (Ayoub, et al., 1979; Dempsey and Ayoub, 1996; Mital and Fard, 1986 ;
Morrissey, 1988; Snook and Ciriello, 1974; Snook and Irvine, 1967; Snook, et al., 1970).
The MAWL assessment has also been shown to have a high correlation with maximal
lift capacity for a whole-body lifting task (Dempsey and Ayoub, 1996; Dempsey, et al.,
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1998; Morrissey, 1988; Savage, et al., 2012). Therefore the MAWL assessment has been
suggested to be a safe assessment to predict maximal lift capacity to determine the
peak loads that a worker can lift.

A range of other physical assessments have also previously been used to predict
maximal lift capacity, including anthropometric measures, strength assessments and
psychophysical lifting assessments (Ayoub, et al., 1979; Dempsey and Ayoub, 1996;
Wheeler, et al., 1994; Williams and Rayson, 2006). Dynamic assessments have been
found to be superior to static tests to predict functional lifting tasks (Dempsey, et al.,
1998; Wheeler, et al., 1994). Furthermore, the best assessment to predict functional
maximal lift capacity has been found to be submaximal functional lifts using an
identical lifting technique, box dimension, box handles and task conditions (Morrissey,
1988). This would suggest that MAWL should have a higher correlation with maximal
lift capacity when compared to other strength assessments and anthropometric
measures and consequently the task condition would have an influence on correlation
achieved. As physical employment standard tests are costly and time consuming to
implement, the minimum number of physical or sub-maximal lifting tests best predict
maximal strength are of great interest to organisations such as the military, who are
also aiming to decrease injury risk by improving the match between physical capacity
and task demand. Therefore, the correlations between maximal lifting capacity with
physical strength tests, and with sub-maximal lifts such as the MAWL are highly
relevant areas of research.
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Figure 3.1: Common military manual handling tasks that require movement
precision in order to successfully complete the lift. A= Reloading a tank with
ammunition, B = Bridge construction; positioning of interlocking components,
C = Mounting a barrel on the turrent of a tank, D = Lifting and placing a tyre
onto the locating pins of a military truck
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The authors of the current study conducted a comprehensive analysis of military
manual tasks (Collier and Holland, 2010) and identified numerous heavy lifting tasks
which involved precise object placement (Figure 3.1). These included mounting a gun
barrel onto a military tank, or manoeuvring a heavy battery within a confined vehicle
surrounded by expensive information-technology equipment. Previous investigations,
including one within the current thesis, have shown that lifting capacity is lower when
an object must be placed within a restricted area or a reduced shelf clearance (Drury,
1985; Mital, 1989; Mital and Wang, 1989). Estimations of maximal acceptable weight of
lift has also been found to be reduced by 14% when comparing a 3 mm placement
restriction to an unrestricted placement regardless of relative lift height (Mital, 1989).
This evidence suggests restricted object placement lowers lifting capacity. However,
given the increasing cognitive demands during tasks that require precision (Davis, et
al., 2002), it is unknown if the psychophysical measure of comfortable lifting (MAWL)
changes similarly to maximal assessments of lifting performance when precise object
placement constraints are introduced.

Although MAWL and physical strength assessments have been found have high
correlation to predict maximal lift capacity in manual lifting tasks that do not require
precision, it is unknown if the same relationships exists when maximal and submaximal lifts require precision. Therefore, this study aimed to investigate whether the
relationship between sub-maximal lifts (MAWL) and physical strength tests with
maximal lift capacity assessments were the same with precision as they were without
precision. It was hypothesised that precision would alter the relationship between
maximal lift capacity and maximal acceptable weight of lift.
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3.2 METHODS AND MATERIALS
3.2.1 Subjects
Twelve healthy recreationally active subjects (six males and six females) provided
voluntarily written informed consent (Appendix A), completed a medical history
screening questionnaire (Appendix B) and were given a subject information package
(Appendix C) prior to participating in the investigation. All subjects were free from
injury and reported no formal resistance training or heavy manual labour in the last 12
months. All procedures were approved by the Human Ethics Research Committee at
the University of Wollongong (Appendix D).

3.2.2 Experimental design
Subjects attended the laboratory on five separate occasions (Figure 3.2), with each visit
separated by a minimum of 48 hours. In Session One subjects were familiarised with
the lifting task requirement, basic anthropometric measures were recorded
(MacDougall, et al., 1982), and upper limb physical strength tests of bench press and
grip strength were performed (Harman, et al., 2008; MacDougall, et al., 1982). In Session
Two, subjects completed a second lifting familiarisation session and the lower limb
physical strength test of a free-weight six-repetition maximum squat was performed
(Harman, et al., 2008). During Session Three, maximal lift capacity (1RM) was assessed
in four randomly allocated conditions; Non-precise to an absolute height (1.7 m) and
relative height (individual shoulder height) and Precise to an absolute and relative
height. Between each assessment, a minimum of 12 minutes rest was given (De Salles,
et al., 2009). The Precise condition was exactly the same lift as the Non-Precise except
with the addition of a constraint (movement precision) on lifting performance.
Therefore, the Non-precise and Precise tasks differed only in the final box placement.
Maximal acceptable weight of lift assessments were completed during Sessions Four
and Five. As maximal acceptable weight of lift is a psychophysical methodology, each
of the four assessments comprised of two box lift assessments with differing starting
box mass. The MAWL assessment therefore required a total of eight assessments these
were randomly allocated over two sessions.
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Figure 3.2: Experimental design, five sessions separated by a minimum of 48 hours rest

3.2.2.1 Experimental movement and lifting conditions
The Non-precise and Precise lifting tasks involved the same three-phase technique,
with the subjects moving through each phase in one fluid movement (Figure 3.3).
Phase One, subjects stood upright facing the lifting platform behind a 30.5 cm x 30.5 cm
x 30.5 cm metal box placed 10 cm from the platform base on the floor. Subjects were
required to place their feet within a 60 cm by 40 cm boundary. The box was placed
centrally in front of the subject on a second adjacent 60 cm by 40 cm boundary. Phase
Two, required subjects to perform in a controlled manner a bilateral squat and grip the
box handles located 20 cm above ground level then stand upright simultaneously
lifting the box. In Phase Three, the subjects stepped forward with their preferred foot
within the boundaries of the second anteriorly adjacent area, while simultaneously
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elevating their arms to place the box onto the lift platform. This was the exact lift for
the Non-precise condition, with the Precise condition differing only in box placement.
Regardless of subject stature, the experimental set up remained constant to ensure
consistency when comparing lift conditions within each subject. The box in the Precise
condition had to be placed between two dowel markers located on the lift platform,
33.1 cm apart and 15.0 cm high. This meant that between the edge of the box and the
dowel markers, there was a 1.3 cm horizontal margin either side (total 2.6 cm) of the
box, with a 5.0 cm vertical margin to the handles on the box. Subjects were given a
standardised instruction you must place the box precisely between the markers without
touching them. No other instructions were given to the subject during the course of
each trial.

Lift height was defined as the final height of the subjects hands upon box placement
and the box handles were located 20 cm from the box base. Therefore, the absolute 1.7
m shelf height was set at 1.5 m and relative shoulder height was set at 20 cm (± 0.5 cm)
below the height of acromioclavicular joint height of each subject.

Figure 3.3: Experimental three-phase lifting technique
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3.2.3 Experimental procedures
3.2.3.2 Anthropometric measures
Anthropometric measures were recorded in order to perform correlation analyses for
with maximal lift capacity in the Precise and Non-Precise condition.

3.2.2.3.1 Body mass and stature
Body mass was quantified to the nearest 0.1 kg on calibrated scales with subjects
wearing light exercise clothes and shoes and socks that would be worn for all physical
assessments (MacDougall, et al., 1982). Stature or standing height was measured with a
stadiometer, from the vertex of the head to the ground (MacDougall, et al., 1982).

3.2.3.3 Strength assessments
Strength assessments were determined in order to perform correlation analyses for
predicting maximal lifting capacity in the Precise and Non-Precise condition.

3.2.3.3.1 Grip Strength
Three trials were taken on the subjects dominant and non-dominant hand. The median
(middle value) of the three trials was recorded as the subjects grip strength.
Standardised positioning and instructions were followed (adapted from (MacDougall,
et al., 1982). The participant was seated in a comfortable chair, with both feet flat on the
ground, with the elbow positioned by their side flexed at 90 degrees. Subjects were
instructed to grip as hard and fast as you can, holding your grip for 3 seconds .

3.2.3.3.2 Six-repetition maximum squat
Subjects completed ten full range (knees flexed to less than 90o) body weight squats
holding a 2.0 kg wooden broom stick positioned behind their neck resting on their
Trapeziusupper with wide hand grip (elbows flexed ~90o). This was followed by a further
ten full range squats using an unloaded (16.35 kg) barbell. After three minutes rest,
additional mass was added to the bar, dependent upon each subject s rating of
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perceived exertion. Subjects were instructed to perform six-repetitions to their
maximum (adapted from (Harman, et al., 2008). This process continued until the
subject found their six repetition maximum squat. Two spotters were present during
all lifts to ensure safety in case of an unsuccessful or unsafe lift.

3.2.3.3.3 Six-repetition maximum bench press
A six-repetition maximum bench press was performed as per the squat protocol
(adapted from Harman, et al,. 2008). The range of the bench press started with arms
elbow joints in less than 5 degrees off full extension, lowering the bar until it was
within 2.0 cm from their chest.

3.2.3.4 Box lift familiarisation
All subjects followed a standardised familiarisation and warm up protocol. This
involved observation of a standardised computer-based presentation which outlined
the correct and incorrect lifting technique (Appendix E), followed by standardised
lifting instructions which were read to each subject for the maximal lift capacity
(Appendix F) and maximal acceptable weight of lift (Appendix H). Ten unweighted
squats were completed to 90 degrees knee flexion, followed immediately by ten 8.5 kg
box lift squats that required the box to be raised from the ground to one of the two
specified shelf heights. The box was then lowered from the shelf to the ground by two
spotters (Snook and Irvine, 1968).

3.2.3.5 Maximal lift capacity
Maximal lift capacity was defined as the peak mass that could be lifted in a single
repetition from ground to shelf height (Snook and Ciriello, 1974; Snook, et al., 1970). A
standard warm-up and orientation procedure was used for all lifts as performed
during familiarisation. The starting mass for all trials was 8.5 kg, which equated to the
mass of the box when empty. For all maximal lift capacity measures subjects lifted and
placed the box onto the shelf, once the subjects released their grip from the box, the box
was then lowered to the ground by researchers and placed on the ground at the
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original starting point (Snook and Irvine, 1968). After each successful lift the mass of
the box was increased by a minimum of 2.5 kg and maximum of 5.0 kg. The highest
mass achieved from a successful lift was defined as the maximal lift capacity within
each experimental condition. A minimum of 3 minutes rest was allocated between each
lift and 12 minutes rest between the Non-precise and Precise conditions.

Termination of the maximal lift capacity assessment with the Non-precise task were
based upon the following criteria; i) sliding the box onto the shelf, ii) failure to lift the
box to the shelf, or iii) unable to maintain a safe lifting technique, such as, loss of
neutral spine in the lumbar or thoracic spine. An additional criterion was added for the
Precise condition, requiring subjects to place the box on the shelf without coming in
contact with the dowel markers.

3.2.3.6 Maximal acceptable weight of lift
Maximal acceptable weight of lift was determined for the Non-precise and Precise
lifting conditions at each of the two lift heights, absolute and relative. Within each of
these assessments, subjects were required to find the

maximum amount they could

comfortably lift once per day without any strain (Ciriello and Snook, 1983). The subject
was asked to select a workload they could sustain without becoming unusually tired,
weakened, overheated or out of breath (Snook and Irvine, 1967). Being a
psychophysical methodology, each assessment contained two separate lifts; either
commencing at a starting box weight of 33% of their predetermined maximal lifting
strength and the second, heavy, at 9 %. These were termed light and heavy ,
respectively.

Maximal lifting capacity was determined prior to the maximal acceptable weight of lift
to quantify relative starting lift loads (Snook and Ciriello, 1974; Snook, et al., 1970).
Two starting lift loads were pre-set for the participant, a light box load (~33% of their
maximal lifting capacity) and a heavy load (~95% of their maximal lifting capacity).
Participants were randomly assigned to start with the light or heavy box and
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instructed to make as many weight adjustments, increments or decrements in mass, to
find their maximal acceptable weight of lift (Snook and Ciriello, 1974; Snook, et al.,
1970). A minimum of 3 minutes rest was allowed between each lift to ensure recovery.
The increments and/or decrements were specified by each subject by scooping pebbles
from one plastic tub into another and feeling the weight increment and/or decrement.
The examiner would then weigh this amount and make the box heavier or lighter,
accordingly to the nearest 0.01kg. The participants were blinded to the mass
adjustments and the final maximal acceptable weight of lift. Successful final weight
between light and heavy lifts had to be within 15% of each other, with the mean mass
recorded as the maximal acceptable weight of lift (Ham, et al., 2010).

3.2.2.7 Rating of perceived exertion
At the completion of each lift, subjects were asked to rate their perceived effort using
the OMNI-10 point Rating of Perceived Exertion (RPE), defined as the subjective
intensity of effort, strain, discomfort and/or fatigue felt during the exercise (Robertson,
et al., 2003). OMNI-10 point RPE scale (Appendix G) has been validated for use during
resistance exercise (Robertson, et al., 2003).

3.2.4 Statistical analysis
All data were reported as means and 95% confidence intervals or when otherwise
stated standard deviations. Paired two-tailed t-tests (p<0.05) were used to assess the
difference between the Non-Precise and Precise conditions at the two lifting heights
for; (i) total mass lifted, and (ii) rating of perceived exertion. Alpha was set for all
analyses at p<0.05.

A Pearson s correlation was used to assess the power of maximal acceptable weight of
lift, strength assessments and anthropometric measures to maximal lift strength within
the Precise and Non-Precise condition. Correlations were reported as R2. Alpha was
set for all analyses at p<0.05.
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3.3 RESULTS
Twelve subjects (19.1 years (1.7 SD), 67.5 kg (8.6 SD) and 177.1 cm (9.4 SD)) volunteered
and completed the investigation. Subject strength averaged 35.3 kg (9.9 SD) for
dominant hand grip strength, 32.9 kg (9.7 SD) for non-dominant hand grip strength,
38.5 kg (17.9 SD) for the six-repetition maximum bench press and 64.3 kg (22.0 SD) for
the six-repetition maximum squat.

Maximal lift capacity declined significantly when the task involved precision at both an
absolute (p=0.0037; Precise 13.8 kg (11.2, 16.4), Non-precise 22.8 kg (17.7, 27.9)) and a
relative lifting height (p=0.0349; Precise 18.2 kg (14.3, 22.0), Non-precise 26.3 kg (20.6,
32.1)). Ratings of perceived exertion were also significantly lower at an absolute height
(p=0.0048) in the Precise condition 4.9 (3.4, 6.3) compared to the Non-Precise condition
8.2 (7.0, 9.4)), however no significant differences were observed in the ratings of
perceived exertion at the relative lift height between the Precise maximal lift capacity
and the Non-Precise maximal lift capacity condition.

Maximal acceptable weight of lift declined significantly by 13.5% when the task
involved precision at an absolute lift height ((p=0.0436; Precise 15.2 kg (12.3, 18.1),
Non-Precise 17.3 kg (12.8, 21.9)), however no significant difference occurred at a
relative height (p = 0.2281; Precise 17.5 kg (13.5, 21.5); Non-precise 19.0 kg (13.5, 24.5).
No significant differences were observed in the ratings of perceived exertion at the
absolute or relative lift height between the Precise MAWL and Non-precise MAWL
condition.
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Maximal lift capacity was significantly higher than maximal acceptable weight of lift
for the Non-precise conditions at an absolute lift height (p = 0.0063); MLC 22.8 kg (17.7,
27.9), MAWL 17.3 kg (12.8, 21.9), and similarly at a relative lift height (p = 0.0027); MLC
26.3 kg (20.6, 32.1), MAWL 19.0 kg (13.5, 24.5) (Figure 3.4). Yet, rating of perceived
exertion was only significantly (p = 0.0033) different for the relative lift height,
reporting maximal lift capacity effort 8.6 (7.9, 9.3) compared to MAWL 6.8 (5.9, 7.7).
During Precise lifting, no significant differences were observed at a relative lift height
in final box mass or rating of perceived exertion. At an absolute lift height during
Precise lifting rating of perceived exertion was significantly (p = 0.0168) higher for
MAWL 6.6 (5.8, 7.5) compared to maximal lift capacity effort 4.9 (3.4, 6.3), with nosignificant differences in final box mass. Results suggest that maximal acceptable
weight of lift assessment may not be a valid predictor to assess Precise maximal lift
capacity, as MAWL is always lower than maximal lift capacity (Snook and Irvine,
1967).
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Figure 3.4: Maximal lift capacity and maximal acceptable weight of lift final box mass
at an absolute and relative lift height; ** p<0.05, means ± 95% confidence intervals
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Statistically significant correlations were observed for all maximal lift capacity
assessments excluding Precise lifting to a relative lift height (Table 3.1). In the Nonprecise condition at an absolute lift, the 6RM squat (R2 = 0.75) was the best predictor of
Non-precise maximal lift capacity, followed by the dominant and non-dominant grip
strength (R2 = 0.67), 6RM bench (R2 = 0.60), stature (R2 = 0.55) and finally MAWL (R2 =
0.53). In the Non-precise condition at a relative lift the best predictor of Non-precise
maximal lift capacity was also the 6RM Squat (R2 = 0.86), followed by the 6RM bench
(R2 = 0.81) and then the dominant hand grip strength (R2 = 0.76), non-dominant hand
grip strength (R2 = 0.71), MAWL (R2 = 0.53) and finally stature (R2 = 0.41). These
assessments were able to predict between 41-86% of the Non-precise maximal lift
capacity. Within the Non-precise maximal lift capacity, higher correlations were found
when lifting to a relative lift height compared to an absolute height. This may be due to
the variation in subject stature influencing lifting performance to an absolute 1.7m lift
height. In the Precise condition to an absolute lift height, maximal acceptable weight of
lift (R2 = 0.56) was the best predictor of Precise maximal lift capacity, followed by the
6RM squat (R2 = 0.54), 6RM bench (R2 = 0.49), dominant and non-dominant hand grip
strength (R2 = 0.45), finding no significant correlations using stature. In the Precise
condition to a relative lift height, no significant correlations were found for Precise
maximal lift capacity.
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Table 3.1: Predictors of maximal lift capacity and maximal acceptable weight of lift
final box mass at an absolute and relative lift height. Note Maximal acceptable weight
of lift is condition and lift height matched
MLC Absolute

MLC Absolute

MLC Relative

MLC Relative

Non Precise

Precise

Non Precise

Precise

MAWL

0.53**

0.56*

0.53**

0.16

Grip Strength (D)

0.67**

0.45*

0.76***

0.40

Grip Strength (ND)

0.67**

0.45*

0.71***

0.30

6RM Squat

0.75**

0.54*

0.86****

0.19

6RM Bench

0.60**

0.49*

0.81****

0.02

Stature

0.55**

0.18

0.41*

0.19

. Correlation results represented as (R2) where * p < 0.05, ** p < 0.005, *** <0.0005, and
**** p <0.0001

3.4 DISCUSSION
The most significant finding of this current study was that precision alters the
relationship between maximal lift capacity and maximal acceptable weight of lift when
compared to an identical Non-precise lifting task. A 6RM squat, 6RM bench press and
grip strength were highly correlated in predicting Non-precise maximal lift capacity,
however these correlations were significantly lower during Precise maximal lifting at
an absolute lift height and no correlations were observed at a relative lift height. Our
results suggest that the same correlation and predictions between physical strength
tests and sub-maximal lifting tests with maximal lift capacity tests cannot be used
when precise object placement during manual lifting is required. Precision requires
specific assessment and consideration within an occupational setting and in the
development of physical employment standard assessments.
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In the Non-precise condition, the relationship between maximal lift capacity and
maximal acceptable weight of lift was similar to previous research, with the selfselected lifting capacity (MAWL) lower than maximal lift capacity regardless of lift
height (Snook, 1978; Snook and Irvine, 1967). The correlation between Non-precise
maximal lift capacity and maximal acceptable weight of lift assessments was however,
lower at an absolute and relative lift height (R2 = 0.53 at each lift height) in the current
study compared to previously military research (R 2 = 0.87 to 0.89 lifting to shoulder
height) (Savage, et al., 2012). This Non-precise correlation was lower than expected as
it was hypothesised that maximal acceptable weight of lift would be the best predictor
of maximal lift capacity due to the tasks requiring identical lifting technique, box
dimension and anchorage (Morrissey, 1988). The low correlation may be attributed to a
low sample size and the range in stature of the subjects (158 cm to 192 cm) which may
have altered the visibility upon box placement at the absolute lift height. Although
numerous previous investigations have adopted the psychophysical methodology to
determine the maximal acceptable weight of lift for a given work rate and duration,
few have correlated the specific relationship between maximal lift capacity and
maximal acceptable weight of lift to allow further comparisons of our data beyond
Savage, et al., (2012), where the subjects were military personnel unlike the nonmilitary young adults of the current study (Ayoub, et al., 1979; Ciriello and Snook,
1983; Morrissey, 1988; Snook and Irvine, 1967). Muscle activity or lift duration not were
assessed within this current investigation, however previous investigations have found
tasks that require precision may be altered or reduced by neurological mechanisms
that are more centrally driven, for example, altered muscle intensity or loading
strategy may change the balance of neural excitatory or inhibitory spinal inputs to the
motor neuron with the given muscles (Baudry, et al., 2011; Enoka, et al., 2011; Enoka
and Duchateau, 2008; Hunter, et al., 2002). This area of research requires further
investigation to specifically identify the mechanism behind the altered correlation
between maximal lift capacity and maximal acceptable weight of lift with precise object
placement. However, various strength assessments and anthropometric measures have
been correlated and been found to be good predictors of maximal lift capacity
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(Aghazadeh and Ayoub, 1985; Beckett and Hodgdon, 1987; Chaffin, et al., 1978; De
Looze, et al., 1992; Dempsey and Ayoub, 1996; Nottrodt and Celentano, 1987; Poulsen
and Jorgensen, 1971; Sharp, et al., 1980).

Basic anthropometric measurements and simple strength assessments are commonly
used as predictors for maximal lift capacity, given the potential of injury when
performing this maximal capacity functional test (Williams and Rayson, 2006).
Previous anthropometric measures used to predict maximal lift capacity include body
mass, stature and bi-iliac breadth (Nottrodt and Celentano, 1987). Some investigators
prefer to use static assessments to reduce the risk of dropping the object on the
subject s feet (Chaffin, et al., 1978), however dynamic assessments are preferred as they
more closely replicate the functional movement of lifting to a maximal capacity (De
Looze, et al., 1992; Freivalds, et al., 1984; Mital, et al., 1986). Static strength assessments
have included an upright pull (Nottrodt and Celentano, 1987; Sharp, et al., 1980), back
extension strength (Poulsen and Jorgensen, 1971), and arm and shoulder strength
(Aghazadeh and Ayoub, 1985; Poulsen and Jorgensen, 1971). A study showing
dynamic isoinertial power was able to predict 84% of maximal lift capacity better than
isometric or isokinetic (Dempsey and Ayoub, 1996). The highest correlations however
have been derived from pooled data including static and dynamics tests in multiple
regression models (Beckett and Hodgdon, 1987; Nottrodt and Celentano, 1987; Sharp,
et al., 1980). The incremental lift machine has been found to predict maximal lift
capacity to an 88% accuracy (R2 = 0.88) (Nottrodt and Celentano, 1987), and Beckett and
Hodgdon (1987) found R2 = 0.79. Furthermore, including a vertical jump and push up
assessment to the equation, Beckett and Hodgdon (1987) was able to more accurately
predict maximal lift capacity to R2 = 0.82. The correlations of the physical strength
assessments and the Non-precise maximal lift capacity in the current investigation
were slightly less than previous studies; (absolute lift height R 2 = 0.60

0.75; relative lift

height R2 = 0.76-0.86). This may be attributed to the range of subject stature (158 cm to
192 cm) and the set lift heights (1.7 m and individual shoulder height) used in the in
the current study. At a relative lift height, every subject was lifting to their own
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shoulder height, whereas at an absolute 1.7m lift height, some subjects were lifting
above their head, while others were lifting to their relative shoulders height. This is
supported by previous investigations highlighting lifting capacity is dependent up
numerous characteristics including anthropometrics, lifting posture, visibility and the
task specifications including lift height, object mass and task constraints (Mital, 1989;
Snook and Irvine, 1966; Yates and Karwowski, 1987).

Within our investigation, performance of Precise lifting tasks either at maximal or
maximal acceptable levels of performance, were significantly lower than when
performed without lifting constraints (Non-Precise). This is consistent with previous
investigations that have used psychophysical methodology, highlighted that lifting
capacity is lower when object restrictions are imposed (Drury, 1985; Mital, 1989; Mital
and Wang, 1989). Drury (1985) identified that reduced space on manual handling tasks
significantly altered the relationship between lifting performance, either altering the
speed-accuracy trade-off or consequently the operator stress. Simply, the greater the
object restrictions, the longer the task took to successfully complete. Within the
occupational environment, if employers do not recognise this and force unrealistic
deadlines for task completion employee stress and injures are at an increased risk
(Drury, 1985; Harbin and Olson, 2005; McHugh and Gibson, 2011; Mozrall, et al., 2000).
Similarly, Mital (1989) conducted a study using the maximal acceptable weight
protocol and developed a database of acceptable lift masses that also required specific
placement restrictions. The study found that regardless of the relative lift height; floorto-knuckle, knuckle-to-shoulder or shoulder-to-reach height, both males and females
chose to lift 14% less mass when a restriction of 3 mm of object placement restriction
was in place (Mital, 1989). Furthermore, as the shelf-opening became narrower, males
and females choose a lower psychophysical lifting capacity (Mital and Wang, 1989).
The results of the current study were consistent with this research as the mass lifted
was less in both the maximal lifting capacity and MAWL assessments at either height
in the Precise condition compared to the Non-Precise condition at either height. These
results further underscore the importance that subjects are unable to match the
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physical strength of an identical Non-precise task, and similarly subjectively choose to
lift a lower mass when a precision constraint is introduced.

The current investigation also observed that precision significantly altered the
relationship between maximal lift capacity and maximal acceptable weight of lift
compared to the Non-precise tasks (Precise R2 = 0.56; Non-Precise R2 = 0.53), with
maximal acceptable weight of lift not appearing to be a strong predictor of maximal lift
capacity in either condition. The correlations for maximal lift capacity, physical
strength assessments and anthropometric measures were also lower in the Precise
condition compared to the Non-Precise condition. These results suggest the tests do
not offer the same degree of prediction and should therefore be used with caution
within an occupational setting to predict the maximal load that can be safely lifted
when precision is required. This may be due to the altered task demands between the
Precise and Non-precise lifting tasks, objectively shown by subjects unable to lift as
much when precision is involved at maximal or submaximal loads (Beach, et al., 2006;
Celentano, et al., 1984; Davis, et al., 2002; Drury, 1985).

Ratings of perceived exertion have been shown to be very important when estimating
physical exertion during occupation tasks (Ayoub and Dempsey, 1999). For the NonPrecise condition, the ratings of perceived exertion was greater for the maximal lifting
capacity assessment compared to the maximal acceptable weight of lift for the relative
height but not the absolute height, in support of the greater mass lifted. The complete
opposite was found in the Precise condition, where the ratings of perceived exertion
were greater for the maximal acceptable weight of lift compared to the maximal lifting
capacity assessment, but only at an absolute height. It should be noted that the mass
lifted the maximal lifting capacity assessment and the maximal acceptable weight of lift
were the same. Nonetheless, this result confirms that the relationship between ratings
of perceived exertion in the maximal lifting capacity assessment and the maximal
acceptable weight of lift alter with the addition of precision. This again suggests that
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ratings of perceived exertion may not be an accurate indicator of exertion levels for
Precise lifting tasks.

3.5 CONCLUSION
The purpose of this study was to examine the predictive correlations of anthropometric
measures, strength assessments and submaximal box lifting to predict maximal lift
capacity with and without precise object placement. Our results demonstrate that
strength measures, including 6RM squat, 6RM bench and dominant hand grip strength
are highly correlated with Non-Precise maximal lift capacity performance. However,
this is not the case when precision is required for task performance, as precision alters
the relationship between maximal lift capacity and maximal acceptable weight of lift.
In this situation, alternate methods of assessment are required and other strength
assessments may be more appropriate or more easily conducted to predict maximal lift
capacity.
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SECTION B: STUDY TWO

PURPOSE AND AIMS
The purpose of Study Two was to assess the effect of precise object placement on
repetitive lifting, to provide a greater understanding of the effect of precision on
endurance time-to-task failure. Chapter 4 will compare a non-precise and precise
repetitive lifting task of a relative submaximal box mass, to task failure.

The aims of Chapter 4 include;
- To investigate the effect of precision on gross whole-body repetitive lift
performance to task failure
- To examine the physiological effect of precision on repetitive lift capacity,
assessing muscle activation, lift duration and heart rate
- To examine the psychophysical effect of precision on subjective rating of
perceived effort on repetitive lift performance
- To objectively measure box control throughout the entire lifting movement
during for repetitive lifting during the non-precise and precise conditions

HYPOTHESES
Considering previous research of the effect of precise object placement on movement
and motor patterns, it was hypothesised that;
- Precise object placement will result in a reduced time-to-task failure during
submaximal whole-body repetitive lifting,
- Muscle recruitment will differ between the precise and non-precise repetitive
lifting tasks,
- Heart rate and rating of perceived effort will be greater during the precise
repetitive lifting task,
- Box movement will be lower during the precise repetitive lifting tasks.
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4.0 ABSTRACT
Many repetitive occupational and daily lifting tasks require a degree of control in order
to successfully lift and place an object in a desired location. Yet, surprisingly the
influence of object control on repetitive gross motor task performance is currently
unknown. Therefore this investigation undertook a study to examine the effect of
precision on repetitive whole-body lifting to volitional task failure in twelve healthy
recreationally active subjects. Each subject attended four separate laboratory sessions
performing: i) whole-body lifting familiarisation; ii) assessment of one repetition
maximum (1RM) lift capacity, and iii-iv) repetitive lifting using 65% of the predetermined 1RM to volitional task failure during a Precise and Non-precise lifting
condition. All lifts were performed to shoulder height using a standard box. Precise
lifting required the box to be positioned between two markers, 4.0 cm wider than the
dimensions of the box. No markers were used for the Non-precise lifting condition;
Time-to-task failure (s), rating of perceived exertion (OMNI 10-point scale), heart rate
(beats.min-1) and electromyography (EMGRMS) bilaterally of the six upper-limb and
trunk muscles were assessed. The Precise condition had a pronounced 72% decline
(p<0.0001) in repetitive lifting duration to volitional task failure, a significant (p =
0.0021) increase in single lift time (Precise 2.59 ±0.28 s, Non-precise 1.87 ±0.27 s) and
15% and 7% reduction respectively in the ratings of perceived exertion and heart rate.
EMGRMS muscle activity during the Precise task was significantly elevated at volitional
exhaustion in left (p = 0.0022) and right (p = 0.0042) Deltoidanterior compared to the Nonprecise condition. It was therefore evident, that whole-body lifting with precision lead
to a significant decline in repetitive lift performance and increased muscle activation in
some shoulder muscle activity with significantly lower cardiovascular and
psychophysical exertion measures. Future research examining both cognitive and
physical exertion during precise object placement is required to specifically define the
mechanisms of task failure.
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4.1 INTRODUCTION
Within Australia, 8% of all occupational injuries are as a result of performing repetitive
lifting tasks (Australian Bureau of Statistics, 2010). Lifting repetitively is considered to
be one of the most physically demanding tasks undertaken within many occupations,
with such tasks associated with an increased risk of cumulative trauma disorders,
particularly to the lower back region (De Looze, et al., 1993; Howarth, et al., 2009;
Marras, et al., 1995; Sharp and Legg, 1988; Sparto, et al., 1997a). Specifically, it has been
found that the performance of repetitive lifting tasks attenuates trunk muscle strength
and co-ordination, significantly increasing the risk of spinal fractures and
intervertebral disc prolapse (Brinckmann, et al., 1989; Kelsey, et al., 1984; Parnianpour,
et al., 1988). To reduce the risk of occupational injury, it is recommended that repetitive
lifting should be avoided or minimised, however the ability to eliminate repetitive
lifting from occupations within the emergency services and military is not feasible
(International Organisation for Standardization, 2007; Legg and Myles, 1981; Rayson,
1998; Sharp and Legg, 1988).

Increasing the physical capacity to lift repetitively is however, associated with a
significant decrease in the risk of injury (Ayoub, et al., 1979; Dempsey, et al., 1998;
Harbin and Olson, 2005; Harbin, et al., 2011; McHugh and Gibson, 2011; Sharp, et al.,
1980; Sharp and Legg, 1988; Snook and Irvine, 1966). Physical characteristics that are
associated with predicting repetitive lifting capacity are lower limb strength, stature
and maximal acceptable weight of lift (Ayoub, et al., 1979; Dempsey, et al., 1998;
Rayson, et al., 2000). However, when the lifting task involves precise object placement,
the effect on endurance capacity when compared to the same force matched task is
currently unknown. Interestingly, the influence of precision on repetitive lifting
capacity is not recognised within international manual handling standards
(International Organisation for Standardization, 2007), or formally acknowledged
within formulae used to estimate task demands for manual lifting tasks (U.S.
Department of Labor, 1991). The primary aim of this investigation is therefore to
determine the effect of precision on repetitive lift capacity.
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Only three investigations have been previously published which have examined the
effect of precise object placement on lifting performance (Beach, et al., 2006; Davis, et al.,
2002; Stambolian, et al., 2011). All of these investigations used an absolute mass to
assess lift performance without regard of age, gender or maximal whole body lifting
strength (Beach, et al., 2006; Davis, et al., 2002; Stambolian, et al., 2011). Davis et al,
(2002) found precise object placement with concurrent mental processing during oneoff lifting tasks increased spinal loading and trunk muscle co-activation, suggesting an
increased risk of lower back injury during manual lifting tasks. Similarly, Beach et al,
(2007) concluded that precise object placement during repetitive lifting increased
cumulative lumbar spine loads due to prolonged lift durations. Unfortunately, both of
these studies were limited in that the accuracy of the box placement was not objectively
measured (Beach, et al., 2006; Davis, et al., 2002). Although Stambolian et al, (2011)
objectively measured the precision of box placement during manual lifting, it was only
assessed at the time of placement not throughout the entire lift. Furthermore, the
dynamic lifting technique adopted in each of the studies had a sagittal and parallel foot
placement, which is known to relate poorly with the split stance or stepping strategy
commonly used during occupational performance of lifting tasks (Baril-Gingras and
Lortie, 1995; Wagner, et al., 2005). The current investigation aims to objectively measure
box control throughout the entire lifting movement utilising a three phase split stance
lifting technique, to assess repetitive lifting capacity to task failure.

Time-to-task failure, or volitional exhaustion, is dependent upon the degree of
muscular or neural impairment related to the muscle groups used, type of contraction
and the task specifications (Hunter, et al., 2004b). Previous task failure investigations
have primarily focused on isometric single joint tasks, finding position tasks to
significantly attenuate physiological capacity (Hunter, et al., 2002; Hunter, et al., 2008;
Yoon, et al., 2009). Time-to-task failure occurred more rapidly when elbow joint
position and elbow flexor force were required to be controlled in contrast to when only
elbow flexor force generation was required (Hunter, et al., 2002). The position task
resulted in a 50% reduction in endurance capacity, increased ratings of perceived
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exertion, increased anterior deltoid electromyography activity and increased mean
arterial pressure, suggesting greater levels of excitatory and inhibitory input into the
motor neurons are responsible for the significant endurance reduction (Hunter, et al.,
2002). Similar results indicate that changes in motor control strategies or muscle
synergies during the positional tasks lead to the premature onset of task-failure
(Hunter, et al., 2004b; Hunter and Enoka, 2003; Hunter, et al., 2002). Although task
precision appears to have a patent effect on time-to-task failure during isometric
endurance muscle activations, the effect on dynamic multi-joint movements, such as
whole-body repetitive lifting is currently unknown.

Therefore, this investigation aimed to firstly determine the influence of precision on
time-to-task failure during a repetitive lifting task and secondly, examine the changes
in muscle activation and the physical exertion measures during precision constraints
between and throughout each lifting task.

4.2 METHODS AND MATERIALS
4.2.1 Subjects
Twelve healthy recreationally active university students (seven males and five females)
provided voluntary written informed consent (Appendix I), completed a medical
history screening questionnaire (Appendix B) and were given a subject information
package (Appendix J) prior to participating in the investigation. All subjects were free
from injury and had no history of formal resistance training or heavy manual labour in
the last 12 months. No subject had previous experience to the constraints applied with
the whole-body lifting movement used within this investigation. All procedures were
approved by the Human Ethics Research Committee at the University of Wollongong
(Appendix K).
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4.2.2 Experimental design
Subjects attended the laboratory on four separate occasions (Figure 4.1). In Session
One, subjects were familiarised with the lifting task requirement and basic
anthropometric and strength measures were recorded. In Session Two, a single
repetition maximum (1RM) box lift to shoulder height was assessed under two
randomly allocated conditions, a Precise condition which had a restricted box
placement and a Non-precise condition which did not. Sessions Three and Four were
separated by a minimum of 72 hours and in each session subjects repeatedly raised a
sub-maximal mass to shoulder height until volitional exhaustion in either a Precise or
Non-precise condition. The order of which lift condition, Precise or Non-precise were
performed in Session Three or Four was randomly allocated and the sub-maximal mass
was set at

% of each subject s maximal box lift mass lifted during the Precise

maximal lift capacity condition assessed in Session Two.

Figure 4.1: Experimental design and session outline
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4.2.3 Experimental procedures
4.2.3.1 Familiarisation
Subjects completed a standardised familiarisation and warm up at the beginning of
each testing session. Each subject watched a video of correct and incorrect lifting
technique (Appendix E). Standardised lifting instructions were then read to each
subject before ten warm-up body-weight squats to 90o knee flexion were performed.
Each subject then completed a minimum of ten practice box lifts, lifting an 8.5 kg box
onto a shelf set at the height of each subject s acromion.

4.2.3.2 Non-precise and precise lifting condition
The Non-precise and Precise lifting condition differed only upon placement of the box
onto the shelf, with the Precise condition placing the box between two dowel markers
(height 15 cm) located on the shelf 34.5 cm apart. For all lifting tasks a three-phase
technique was used, with each subject required to move through each phase in one
fluid movement (Figure 4.2). Regardless of subject stature, the experimental set up
remained constant to ensure consistency when comparing lift conditions within each
subject. In Phase one, the subject stood upright facing the lifting platform behind a 30.5
cm x 30.5 cm x 30.5 cm metal box placed on the floor. All subjects were required to
place their feet within a 60 cm by 40 cm boundary, the area allocated to the force plate
(Type 9253B12, Kistler Instrumente AG Winterthur, Switzerland; 60 cm x 40 cm; 1000
Hz). The box was placed centrally within a second adjacent 60 cm x 40 cm force plate
(Type 9281B11, Kistler Instrumente AG Winterthur, Switzerland; 60 cm x 40 cm; 1000
Hz) in front of the subject. Phase two, required subjects to perform in a controlled
manner a bilateral squat and grip the box handles located 20 cm above ground level,
stand upright simultaneously lifting the box. Phase three, the subject stepped forward
with their preferred foot within the boundaries of the second force plate and extended
their arms to place the box onto the shelf set at a ± 0.5 cm of 20.0 cm below
acromioclavicular joint height of each subject. Thus, within this investigation all
subjects were required to perform a squat lift with a forward step lifting to the same
relative shoulder height.
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Termination criteria for the Non-precise condition were; i) sliding the box onto the
shelf, ii) failure to lift the box to the shelf, and iii) unable to maintain a safe lifting
technique. Additionally, the Precise lifting condition was terminated if the box touched
either dowel marker, which were positioned on the shelf 34.5 cm apart. Thus, on each
side of the box there was a 2.0 cm margin to the dowel markers and a 5.0 cm margin to
the handles on the box. Subjects were instructed that they must place the box precisely
between the markers without touching them. Additionally, the Precise lifting condition
was terminated if the box touched a dowel marker.

Compared to the previous investigations within this thesis, pilot testing determined
the horizontal margin required to be increased from 1.3 cm to 2.0 cm (Collier and
Holland, 2011). A 1.3 cm margin presented mentally challenging for subjects to
successfully complete successive lift cycles, and therefore the margin was widened.

Figure 4.2: Experimental three-phase lifting technique
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4.2.3.3 Maximal lift capacity and repetitive lift capacity
Maximal lift capacity was defined as the peak mass that could be lifted in a single
repetition from ground to shelf height (Snook and Ciriello, 1974; Snook, et al., 1970). A
standard warm-up and orientation procedure was used for all lifts as performed
during familiarisation. The starting mass for all trials was 8.5 kg, which equated to the
mass of the box when empty. For all maximal lift capacity measures subjects lifted and
placed the box onto the shelf, once the subjects released their grip from the box, the box
was then lowered to the ground by researchers and placed on the ground at the
original starting point (Snook and Irvine, 1968). After each successful lift the mass of
the box was increased by a minimum of 2.5 kg and maximum of 5.0 kg. The highest
mass achieved from a successful lift was defined as the maximal lift capacity within
each experimental condition. A minimum of 3 minutes rest was allocated between each
lift and 12 minutes rest between the Non-precise and Precise conditions.

Non-precise and Precise repetitive lift capacity was determined over two sessions
separated by a minimum of 72 hours. Within each of these sessions subjects lifted 65%
of the mass achieved during maximal lift capacity assessment during the Precise
condition.

Based on previous

isometric

task failure investigations

eliciting

approximately 20 minute duration of a Non-precise task, pilot testing determined 65%
of the Precise maximal lift capacity resulted in this duration (Collier and Holland,
2011). All lifts were performed to a fixed cadence of six lifts∙min -1 which was controlled
by an electronic metronome. Therefore, in one 10-second lift-and-lower cycle, each
subject; i) lifted and placed the box onto the shelf, ii) lowered the box from the shelf to
the ground location and iii) stood upright again without holding onto the box in
preparation for next lift cycle. Specific repetitive lifting instructions were verbally read
to each subject prior to commencing the assessment (Appendix L). Subjects were given
verbal encouragement throughout the entire task until volitional task failure or until
subjects displayed at least one of the test termination criteria on two consecutive lift
repetitions.
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4.2.3.4 Materials and apparatus
4.2.3.4.1 Box movement
To objectively determine the degree of movement in the box during each lift, a threedimensional accelerometer (Model No. 2460-005 ±5g Triaxial Accelerometer, Silicon
Designs Inc, Issaquah, USA) was affixed to the superior surface of the box.
Accelerations were measured in the vertical, anterior-posterior and medial-lateral
planes, the standard deviation from the mean value of the combined acceleration
planes were calculated and reported as the box movement in arbitrary units. All
analogue signals were collected at 1000 Hz using an analogue-to-digital convertor
(CED Power1401 mk II, Cambridge Electronic Design Limited, Cambridge, UK) and
analysed off-line using Spike 2 software (Version 5.13, Cambridge Electronic Design,
Cambridge, UK).

4.2.3.4.2 Single lift, repetitive lift and stance duration
The duration of whole-body lifting was assessed either as the time taken to complete a
single lift or the total time taken to perform repetitive lifts to task failure. Objective
measures were used to measure the start and end points of the lift movement. A
decrease from baseline in the vertical ground reaction force when the box was lifted off
the force plate (Type 9281B11, Kistler Instrumente AG Winterthur, Switzerland; 60 cm
x 40 cm; 1000 Hz) signalled the commencement of the a lift. Completion of a single lift
was determined by the significant vertical acceleration upon contact with the shelf, as
measured by the triaxial accelerometer affixed to the box. The time elapsed between
the start and completion points of a single lift were defined as the single lift duration.
Repetitive lift duration was calculated as the elapsed time between the commencement
of the first lift and completion of the last successful lift signalled by the tri-axial
accelerometer data, immediately prior to volitional or terminated task failure.
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Each single lift required a change in stance, at commencement of the movement a
sagittal parallel stance was adopted, while a split stance was required for completion of
the lift. The duration of the sagittal parallel and split stance was also calculated.
Parallel stance duration was defined as the period between the commencement of the
lift to placement of the foot onto the most anterior (front) force plate, signalled by a
marked change in the vertical ground reaction force recorded via the force plate. Split
stance duration was defined as the elapsed time from foot placement on the front force
plate to successful completion of the box lift onto the shelf signalled by the triaxial
accelerometer data. Results for stance durations were normalised to single lift duration.

4.2.3.4.3 Muscle activity
To record electromyographic (EMG) activity at the muscles of interest, the skin of each
subject was shaved, abraded and cleansed with alcohol prior to placement and fixation
of electrodes (Ambu Blue Sensor Electrode, Ag/AgCL contact area 95mm2). Electrodes
were adhered to the skin with a 2.0 cm inter-electrode distance bilaterally to six
muscles according to the gudielines of Cram and Kasman, 1988. The muscles were
Deltoidanterior,,(midway

between the lateral third of the clavicle and the deltoid

tuberosity ~4cm below clavicle); Deltoidposterior, (midway between the lower boarder of
the scapula spine crest and the deltoid tuberosity); Upper trapeziu (midpoint of C7 and
the acromion over the largest muscle mass); Biceps brach, (midway between the
corocoid process of the scapula and the radial tuberosity); Triceps (lateral head, midway
between the acromion and the olecranon process, middle of the muscle belly; and
Erectus SpinaeL3, 2.0 cm lateral of the spine at L3 vertebra over middle of muscle mass
(Cram and Kasman, 1988).

A wireless EMG system (Myon RFTD, Baton Rouge, LA) collected electromyographic
signals at 1000 Hz which were processed by an analogue to digital convertor (CED
Power1401 mk II, Cambridge Electronic Design Limited, Cambridge, UK) and analysed
off-line by Spike 2 software (Version 5.13, Cambridge Electronic Design, Cambridge,
UK). All EMG signals analysed off-line were band-pass filtered (10-500 Hz), and then
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adjusted by 0.16 ms to align the wireless EMG data with the other kinetic and
kinematic data collected. The root mean square amplitude (EMGRMS) was calculated for
the duration of each single lift cycle (box lift to box placement on the shelf) and also for
a 500 ms period immediately prior to box placement (500ms prior to box placement to
box placement on the shelf). All reported EMGRMS amplitudes were normalised to the
average of the first three lifts of the Non-precise condition and reported as the
percentage to this normalised data.

4.2.3.4.4 Heart rate and rating of perceived exertion
Heart rate was monitored via ventricular depolarisation throughout each trial
sampling at 15 sec intervals (Polar Team2 Pro, Polar Electro OY, Kempele, Finland) and
downloaded onto a computer. Each minute within a lifting trial, ratings of perceived
exertion were obtained using the OMNI-10 point Rating of Perceived Exertion (RPE)
scale (Robertson, et al., 2003) (Appendix G).

4.2.4 Statistical analysis
All data were reported as means and 95% confidence intervals unless otherwise stated
as standard deviations. Paired two-tailed t-tests (p<0.05) were used to assess the
difference between the Non-Precise and Precise conditions for; (i) repetitive lift
duration, (ii) box movement (iii) single lift duration, (iv) heart rate and RPE, and (v)
stance time. A two-way analysis of variance was used to assess muscle activity and
determine the relationship between conditions (non-precise vs. precise) and lift time
(first three lifts vs. last three lifts). A post-hoc Bonferroni comparison was used to
determine the location of any significant interactions. Alpha was set for all analyses at
p<0.05.
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4.3 RESULTS
Twelve recreationally active subjects aged, 19.5 years (1.4 SD), with an average mass of
72.3 kg (10.4 SD), stature of 174.6 cm (8.5 SD) and acromion height of 143.8 cm (20.0
SD) participated in this investigation. During the initial repetitive lifts, significantly less
deviation was observed triaxially in box movement during Precise compared to the
Non-precise lifting during the entire lift duration of a single lift (p = 0.001; Precise 0.19
g (0.18, 0.20); Non-precise 0.27 g (0.23, 0.30)), as well as during the last 500 ms prior to
box placement (p = 0.0032; Precise 0.07 g (0.06, 0.08); Non-precise 0.13 g (0.09, 0.16)).
Similarly, during the last lifts of the repetitive lifting task, significantly less box
movement was also seen during the Precise condition during the entire lift (p=0.001;
Precise 0.25 g (0.20, 0.30); Non-precise 0.37 g (0.29, 0.46)), also in the last 500 ms prior
to box placement (p = 0.006; Precise 0.10 g (0.06, 0.14); Non-precise 0.22 g (0.16, 0.29)).
The last 500 ms of box movement comparing the first and last lifts are shown in Figure
4.3. Furthermore, a significant (p = 0.021) interaction (condition x time) was observed in
the last 500 ms of the lift. Within the Non-Precise condition, from the commencement
of repetitive lifting to task failure, box movement increased significantly, whereas
within the Precise condition, from the commencement of the repetitive lifting to task
failure, the box movement did not change.
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Figure 4.3: Box movement during repetitive whole body lifting during the last 500 ms;
* p<0.05 significantly different between conditions and ** p<0.05 significantly different
between first and last lift; means ± 95% confidence intervals

Maximal lift capacity was significantly less (p=0.0004) by 15% in Precise condition (24.9
kg (18.9, 31.0)) compared to the Non-precise condition (29.2 kg (23.72, 34.8)). Repetitive
lift duration with the same sub-maximal load (65% MLC Precise condition) was also
significantly less (p<0.0001) in the Precise condition compared to the Non-precise
condition (Figure 4.4). In fact, time-to-task failure was over 3-fold shorter in the Precise
repetitive lifting condition (361.7 sec (202.0, 521.3)) when compared to the Non-precise
condition (1289.0 sec (994.7, 1584.0)).
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Figure 4.4: Time-to-task failure during repetitive whole body lifting;
* p < 0.0001; means ± 95% confidence intervals

Ratings of perceived exertion (RPE) were less in the Precise condition throughout the
entire repetitive lifting duration and were significantly less than the Non-Precise
condition (p<0.05) between 30-60% of normalised lift time (Figure 4.5a). A significant
interaction (condition x time) was observed in reported RPE during the Precise
condition at the commencement and completion of repetitive lifting. Non-precise
lifting was associated with significantly (p=0.049) lower RPE at the commencement of
lifting, but significantly (p=0.005) higher RPE at the termination of repetitive lifting.
Consistent with RPE, heart rate was also less in the Precise condition throughout the
entire repetitive lifting duration when compared to the Non-Precise condition (p<0.05)
at 10, 20 and 30% of relative lift (Figure 4.5b).
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Figure 4.5a: Rating of perceived exertion during repetitive whole body lifting;
* p < 0.05; means ± 95% confidence intervals
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Figure 4.5b: Heart rate during repetitive whole body lifting;
* p < 0.05; means ± 95% confidence intervals
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When comparing the initial three lifts between conditions, no significant difference was
observed in HR. Nevertheless, RPE reported in the first three lifts was significantly
(p=0.0190) higher in the Precise condition 5.1 (4.1, 6.2) compared to lifting without
constraints 4.1 (3.2, 5.0). In contrast, RPE and HR were significantly (p=0.0059 and
p=0.0023 respectively) lower within the Precise condition at volitional task failure (last
three lifts).

Although there was no significant difference in the lift duration over time between the
first and last lifts within each condition, single lift duration was significantly (p=0.0001)
longer during the first lifts in the Precise condition 2.59 sec (2.31, 2.87) compared to the
Non-precise 1.97 sec (1.60, 2.13) condition. This was further seen at task failure with
the Precise condition 2.59 sec (2.31, 2.87) requiring significantly (p=0.0021) more time to
precisely place the box compared to the Non-precise condition 1.87 sec (1.60, 2.13). The
percentage (%) of total single lift duration spent in the symmetrical (parallel) stance
and asymmetrical (split) stance was also significantly different the two conditions.
During the initial lifts in the Precise condition, a significantly (p=0.0007) greater
percentage of single lift duration was spent in an asymmetrical stance (44% (40, 48))
compared to 32% (28, 37) in the Non-precise condition. Consequently, at task failure
subjects were also standing in a split stance position significantly (p=0.0002) longer
when performing Precise lifting 41% (35, 45) compared to the Non-precise condition
23% (0.18, 0.28). This suggests that a different lifting strategy was used in order to place
the object accurately within the target area. A significant (p=0.019) interaction
(condition x time) was also observed in stance durations over the entire repetitive
lifting duration, from commencement to task failure, between the two conditions. No
significant change was observed in the split stance duration over the duration of the
repetitive lift assessment in the Precise condition, while the duration in the Nonprecise condition increased significantly by 9.5%, again suggesting a difference in the
movement strategy with task failure between the two conditions.
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No difference between the conditions was observed in EMGRMS during a complete lift
or within the period 500 ms prior to box placement in any muscle group in the first
three completed repetitions. At volitional exhaustion or task failure however, the
EMGRMS muscle activity for the Deltoidanterior (left) and Deltoidanterior (right) were
significantly (p=0.022 and p=0.0042 respectively) greater during a single lift in the
Precise condition. The EMGRMS for the left and right Deltoidanterior within the last 500ms
prior to box placement in Precise condition, was also significantly higher (p=0.0064 and
0.0086 respectively) compared to the Non-precise condition.

Although the EMG

activity of Deltoidanterior, was symmetrical, only left Biceps Brachi was observed to have a
significant (p=0.0276) increase in EMGRMS during a single lift in the Precise condition.

4.4 DISCUSSION
This investigation has shown the addition of a precision constraint to a whole-body
repetitive lifting task markedly reduced time-to-task failure by 72% and modified the
movement strategy of the repetitive lifting task. The different movement strategy in the
Precise condition was evident by the significant increase in the duration of the lift,
increase in percentage of time spent in a split-stance position compared to parallel
stance, decreased box movement throughout the entire lift and the increase in muscle
activation of the prime shoulder flexors throughout the lift and within the last 500 ms.
Physical and psychophysical measures of exertion were however, significantly less in
the Precise condition compared to the Non-Precise. These changes suggest that
increasing the requirement for accuracy in the placement of an object elicits marked
changes in work capacity and physiological response when lifting.

The 72% reduction in lifting capacity with precise object placement observed within
this investigation is consistent with previous research that has found a decline in timeto-task failure during isometric muscle activations (Hunter, et al., 2004b; Hunter, et al.,
2002; Klass, et al., 2008; Maluf and Enoka, 2005). Previous studies have found the ability
to sustain a fixed torque during an isometric muscle activation, with the additional
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requirement of simultaneous control of elbow flexor angle reduced time-to-task failure
by ~53% (Hunter, et al., 2004b; Hunter, et al., 2002; Klass, et al., 2008; Maluf and Enoka,
2005). Time-to-task failure is however, specific to the task performed and is influenced
by the underlying mechanisms including the type and intensity of the task, the external
physical environment in which the task is being performed and the specific muscle
groups involved (Hunter, et al., 2004b; Maluf and Enoka, 2005). The current
investigation found muscle activation of the prime shoulder flexor muscle (Deltoidanterior)
to increase during the Precise condition, suggesting greater muscle recruitment was
required to successfully complete precise object placement despite the same submaximal load (65% MLC Precise) in Non-precise repetitive task (Hunter and Enoka,
2003).

The differences in EMG also suggest a modified lifting strategy was used in the Precise
condition compared to the Non-Precise condition, which was also different as each
condition progressed to task failure. In the Precise condition lift duration increased by
36% at the commencement of the repetitive lifting trial and this increase was
maintained throughout the lifting trial to task failure, despite the maintenance of a
fixed lifting cadence. These results are consistent with the application of Fitts Law
which states that when precision is a priority, speed will be reduced to ensure
successful completion of the movement (Fitts, 1954; Zhai, et al., 2004). This observation
is consistent with a number of functional manual handling studies involving precision,
in which each author observed a marked increase in lift duration (Beach, et al., 2006;
Davis, et al., 2002; Drury, 1985; Mital and Wang, 1989). Beach et al, (2006) detected a
mean increase in lift duration by 27% with the addition of precision compared to a
matched unrestricted lifting task. Furthermore, Drury (1985) found precise object
placement of boxes during a mechanical palletising task required the operator to hold
the load for a longer period which necessitated a slower movement to ensure the object
was placed in the desired location. Given the fixed lifting cadence employed in the
current investigation, precision required the subjects to prolong the loaded coupling
period with the box and reduce the rest period (unloaded) between each lifting cycle.
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Previous research has found manual tasks requiring increased time to complete are
directly related to an elevated risk of lower back injury (Marras, et al., 2010). Similarly,
increased spinal compression is associated with loads that require greater control
during repetitive lifting (Van Dieen, et al., 2001). Our findings along with those of
previous investigations support the notion that precise lifting increases the risk of
injury due to an increased lift duration and this total work. Furthermore, within the
Precise condition, the box was held for a greater percentage of time in the split stance
position within each individual lift.

Despite the 27% increase in split stance duration at the initial phase and 44% increase
at task failure in the Precise condition compared to the Non-Precise, within the Precise
condition, stance duration did not significantly change with fatigue at task failure. That
is, the percentage of the single lift duration spent in the split stance position in the
Precise condition did not change from the first lift to the last lift. In contrast, fatigue
significantly reduced (~10%) the percentage of time spent in the split stance position in
Non-precise lifting, even though the duration was significantly less than the Precise
condition at the beginning of the lifting repetitions. This suggests that the effect of
fatigue on the two conditions produced different lifting kinematics or perhaps not both
groups were at fatigue.

Although the bilateral muscle activation of the prime shoulder flexor muscle
(Deltoidanterior) increased ~25% during the Precise condition, this was the only muscle of
the five upper limb and one trunk muscles assessed bilaterally to show a significant
change in activation. These findings are not consistent with Davis et al. (2002), who
observed a significant increase in trunk muscle activation with the addition of a
precision constraint during a lifting task. They are consistent however Beach et al.
(2006) observed no change in muscle activation during precise repetitive whole-body
lifting, compared to the unconstrained condition, despite a significant change in lifting
mechanics. The change in the activation of the agonist, (Deltoidanterior) in the current
study was also consistent with other studies which have found an increase in agonist
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muscle activation during precision gripping and manual work tasks (Milerad and
Ericson, 1994; Sporrong, et al., 1998). The variation in EMG results in various studies
measuring the effect of precision, which also found changes in lifting mechanics,
suggests that perhaps EMG is not the ideal tool to measure the difference in movement
strategy that can occur with the addition of precision to whole-body, multi-joint,
manual tasks. It is possible that the neurological mechanisms behind the movement
strategy changes are more centrally based and therefore, cannot be measured at the
periphery by surface EMG. Nonetheless, the increased muscle activation found in the
current investigation of the agonist, (Deltoidanterior) would serve to assist in joint
stabilisation and movement control, whilst increasing joint reaction forces (Sporrong, et
al., 1998; Van Dieen, et al., 2001). In addition, increased lift duration during the precise
lifting task may be related to the increase in muscle activity of the prime shoulder
mover during the Precise repetitive lifting task. This is supported by previous
investigations stating precision increases task duration, which results in increased joint
compression and muscle activity which may elevate the risk of injury (Marras, et al.,
2010; Milerad and Ericson, 1994; Sporrong, et al., 1998; Van Dieen, et al., 2001).

The psychophysical subjective rating of perceived exertion and physiological heart rate
response were less throughout the lifting task and significantly less in the early-tomiddle stage of the repetitive lifting task in the Precise condition compared to the
Non-precise condition. Furthermore, the interaction over time within conditions
varied between the Non-precise and Precise conditions. Non-precise lifting was
associated with significantly lower RPE at the commencement of lifting, but
significantly higher RPE at the termination of repetitive lifting. However, this was a
different response to the Precise condition, showing a similar results at commencement
and task failure of repetitive lifting. This was inconsistent with the results of Mital and
Wang (1989), who found restricted object placement increased physiological costs,
measured by heart rate, reflected by subjects choosing a lower lift mass when
compared to an identical unrestricted task. This highlights that Precise lifting increases
the task demand and hence endurance capacity is significantly attenuated due to the
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increased physiological cost, shown by increased lift duration, reduced box movement
and increased muscle activity of the prime shoulder mover. Despite central neural
activity not being assessed within this investigation, it could be postulated that the
neurological mechanisms behind the adjusted movement strategy may be more
centrally based as shown in isometric time-to-task failure investigations (Enoka, et al.,
2011; Rudroff, et al., 2010a).

To our knowledge, there have been no previous investigations that have objectively
measured the degree of control throughout the entire lifting movement. Precise lifting
resulted in significantly less box movement by 32% (initial) and 33% (task failure)
throughout the entire lift despite precision being required upon box placement only.
Furthermore, greater accuracy and control was found within the last 500 ms prior to
box placement by 40% (initial) and 66% (task failure), supported by Fitts law stating
greater control and slower movement is identified at the end of the task (Drury, 1985;
Fitts, 1954; Zhai, et al., 2004). Other studies to investigate precise object placement did
not objectively measure precision and recognised this as a limitation (Beach, et al., 2006;
Davis, et al., 2002). Only one investigation defined and measured precise object
placement as all four corners of the box landing on the shelf, observing the box was
never placed precisely (Stambolian, et al., 2011). However, there is no objective analysis
to confirm the control or speed of movement to support our results in line with Fitts
Law.

The differences in the lifting kinematics with precision from this study and previous
research have significant implications for the biomechanics of the whole-body lifting
task (Beach, et al., 2006; Davis, et al., 2002; Drury, 1985). The authors suggested that
these changes in kinematics were associated with increased lumbar cumulative L4/L5
moments, joint shear and compressive forces and changes to muscle recruitment
(Beach, et al., 2006; Davis, et al., 2002; Drury, 1985). Although they concluded that the
origins of these changes were not clear, they found cognitive distractions prior to
lifting or during lifting resulted in significant changes in kinematics or muscle
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activations (Beach, et al., 2006; Davis, et al., 2002). Furthermore, the addition of
psychophysical stress to physical lifting tasks resulted in increased spinal loading, thus
greater cognitive loading to be directly related to an increased risk of injury (Marras, et
al., 2000). Despite the significant change observed in lifting kinematics within the
current investigation and previously published literature, the effect of precision
constraints on whole-body lifting performance is currently not recognised within
international manual handling standards, or formally acknowledged within formulae
that are used to estimate task demand for manual lifting (International Organisation
for Standardization, 2003, 2007; U.S. Department of Labor, 1991; Waters, et al., 1993).
Hence, given the results of this study, estimations of task demand relative to
physiological capacity may be inaccurate.

The study proves that the involvement of precision in occupational lifting can
dramatically reduce time-to-task failure and therefore should be taken into
consideration when analysing tasks within the workplace and determining realistic
and safe expectations on task duration in manual handling tasks that involve precision.
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4.5 CONCLUSION
The purpose of this study was to examine whether precision would influence time to
task failure during a highly strenuous whole body repetitive lifting task. The addition
of precise object placement resulted in a 72% reduction in time-to-task failure and a
modified movement strategy overall and with fatigue. The different movement
strategy in the Precise condition was evident by the significant increase in the lift
duration, increased time in a split stance position, a decreased box movement
throughout the lift and an increase in muscle activation of the shoulder agonists
throughout the lift and within the last 500 ms. However, precision was also associated
with a reduced heart rate and rating of perceived exertion, suggesting that the
mechanisms behind this different movement strategy may not be due to physical
exertion. Future research examining the neural mechanisms and cognitive versus
physical exertion during precise object placement tasks could assist the matching of
task demands to physical capacity to aid in the prevention of musculoskeletal injuries
during repetitive lifting tasks.
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5.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

5.1 Summary
This thesis investigated the influence of precision on the physical capacity required to
perform whole-body lifting tasks. The investigation was conducted via a series of
studies that explored the effect of lifting constraints on three common manual lifting
assessments; maximal lift capacity and maximal acceptable weight of lift (Chapter 2
and 3 respectively) and repetitive lifting to task failure (Chapter 4).

In Chapter 2 the effects of precision on maximal lift capacity were determined. The
primary aim of this investigation was to examine the effect of precision on whole-body
maximal lift performance. This was achieved by assessing the final box mass, lift
duration, stance duration, muscle activation, ratings of perceived exertion and box
movement. It was hypothesised that precise object placement would result in a
reduction in maximal lift capacity, lift duration would increase, stance durations
would alter and muscle activity and ratings of perceived exertion would differ
between the Precise and Non-precise lifting tasks. Similarly, it was hypothesised that
box movement would be reduced during the Precise lifting conditions.

We observed within Chapter 2 that the addition of precision resulted in a reduced
maximal lift capacity mass by 40% at an absolute lift height and 32% at a relative lift
height. This was associated with a 45% and 51% increase in lift duration at an absolute
and relative lift height respectively. The reduction in mass lifted within the Precise
conditions may be related to the increase in lift duration. This is consistent with
previous research reporting a speed-accuracy trade-off exists, following Fitts Law.
Fitts Law states that precision requirements are inversely proportional to the time or
speed required to perform the task. Within our investigation, subjects increased the
duration holding the box to successfully meet the precision requirements.
Consequently, this was associated with a longer duration in a split stance foot position
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(41% increase at an absolute lift height and 27% increase at a relative lift height),
highlighting precise object placement alters movement strategy when compared to the
a non-restricted object placement (Non-precise). A split stance foot position has been
shown to reduce the complexity of the postural control and provide greater anteriorposterior stability allowing for increased accuracy. Furthermore, the altered movement
strategy during precise object placement was also associated with increased box
control. This is the first study to objectively measure box control or movement
throughout the entire lift. Precise object placement resulted in greater control of the box
throughout the entire lift movement, with a 39% reduction in total box movement at an
absolute lift height and 43% at a relative lift height, despite precision required upon
box placement only. Furthermore, Fitts Law further identifies the largest reduction in
speed during precise tasks occur at the end of the movement, which is consistent with
our results. Within our investigation, the greatest reductions in box movement
occurred within the last 500 ms prior to box placement (50% reduction at an absolute
lift height and 60% at a relative lift height). Reduced box movement, in conjunction
with the increase lift and split stance duration suggests that the movement strategy of
the Precise lifting conditions differs when compared to the Non-precise task. Applying
our findings within a workplace setting, our results suggest occupational health and
safety guidelines should identify manual tasks that involve precision for the reason
that workers are unable to match the load of an identical Non-precise task.
Furthermore, we have identified that it takes longer to perform a manual task
requiring precision, thus employers should recognise and set realistic deadlines for
task completion in order to reduce the potential risk of injury.

Muscle activity and rating of perceived exertion were the only measures to produce
significantly different results comparing results between the two different lift heights.
Muscle activity was found to be significantly lower during the Precise conditions
regardless of lift height, supporting the 32-40% reductions in mass lifted during the
maximal lift capacity assessments. However, at relative lift height, there was no
difference in muscle activity within the primary shoulder flexor muscles (left and right
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anterior deltoid) between the Precise and Non-precise condition. These results may be
explained by the lift height and the relationship between reduced box mass and
increased lift duration. A difference may have been masked at an absolute lift height
due to the range of subject stature (158 cm to 192 cm) when lifting to the 1.7 m lift
platform, due to different shoulder joint angles upon box placement dependent upon
subject stature. Consequently, at a relative lift height each subject lifts to their own
shoulder height, eliminating differences in shoulder joint angles upon box placement.
The similar muscle activity levels during the Precise condition for the primary
shoulder flexor muscles may be due to the increased duration the subjects are holding
the box (51% increase) despite the 32% reduction in mass lifted. Alternatively, muscle
activity may have increased in other muscles not measured or perhaps more central
neural mechanisms may have been involved in the increased control of the box
movement, which cannot be measured by EMG.

Rating of perceived exertion results may explain difference in muscle activity. As
expected, at an absolute lift height the rating of perceived exertion of the Precise
condition was ~42% lower when compared to the Non-precise condition, consistent
with a 40% reduction in maximal lift mass. However, at a relative lift height, the rating
of perceived exertion of the Precise and Non-precise condition was the same despite
the 32% reduction in lift mass. This may be due to the similar muscle activity levels of
the primary shoulder muscles, related to an increase in lift duration at a relative lift
height. Previous investigations have found precision to increase the task difficulty, and
hence, the risk of injury when performing manual tasks due to the increased duration
performing the precise task. However, the inconsistent results of the rating of
perceived exertion between different lift heights suggest that the use of rating of
perceived exertion alone to assess task demand may not be a reliable measure for
manual lifting tasks that require precision. Nonetheless, maximal lifting tasks that
require precision result in increased lift duration, thus the risk of potential injury is
heightened. Our findings highlight the need for workplace guidelines to identify
Precise manual lifting tasks, identifying these tasks require greater time to successfully
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complete. The guidelines should recommend employers to set realistic timeframes
when employees are required to complete Precise manual tasks, recognising the
increased task duration. Furthermore, employees may require longer or more frequent
rest breaks during their shift in order to reduce the risk of musculoskeletal injury.

The major outcomes from Chapter 2 found precision significantly reduced maximal lift
capacity, and was associated with an altered movement strategy including increased
lift duration, reduced box movement and altered stance duration. It is unknown
however, if the same differences would occur during submaximal lift loads. Therefore,
Chapter 3 aimed to investigate the effect of precision on submaximal lifts using a
maximal acceptable weight of lift assessment and investigated the correlation in
predicting maximal lift capacity with precision. Additionally, we sought to investigate
the ability of strength assessments and anthropometric measures to predict maximal
lift capacity requiring precise object placement. Previous research has established a
high correlation between maximal lift capacity and maximal acceptable weight of lift
without lifting constraints (Non-precise). Similarly, maximal lift capacity has been
highly correlated with other physical strength assessments and anthropometric
measures however, it is unknown whether this correlation would be the similar when
the lifting task involves precise object placement.

Chapter 3 used the same quantitative methods and subject cohort as per Chapter 2. It
was hypothesised that precise object placement would result in a reduced maximal
acceptable weight of lift mass compared to the identical Non-precise task.
Consequently the correlation in predicting maximal lift capacity from maximal
acceptable weight of lift, strength assessments and anthropometric measures would
differ with the addition of precision. This involved measurement of the final lift mass
and ratings of perceived exertion for both the maximal lift capacity and maximal
acceptable weight of lift assessments. Firstly, the correlations were made comparing
the Non-precise lifting tasks and other measures and secondly, Precise lifting tasks
and other measures were correlated. Within this investigation, correlations between the
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Non-precise and Precise conditions were then compared to identify differences or
similarities during precise object placement in predicting maximal lift capacity.

During the Precise lifting tasks there was no difference in the mass lifted between
maximal lift capacity and maximal acceptable weight of lift regardless of lift height.
However, this was not the case in the Non-precise conditions where, consistent with
previous research, the maximal acceptable weight of lift was significantly less when
compared to the maximal lift capacity mass lifted at an absolute (24% reduction) and
relative lift height (28% reduction). The rating of perceived exertion in the Precise
condition was not significantly different at a relative lift height between maximal lift
capacity and maximal acceptable weight of lift, however at an absolute lift height for
the Precise condition, rating of perceived exertion was significantly higher for the
maximal acceptable weight of lift by 26% when compared to maximal lift capacity. The
rating of perceived exertion in the Non-precise conditions was significantly lower in
the maximal acceptable weight of lift at a relative lift height (21% reduction), however
at an absolute lift height there was no significant differences between lifting
assessments. Our results suggest that rating of perceived exertion may not be a useful
indicator to distinguish the differences in task demand with the addition of precision.
This is also reflected in the final mass lifted during maximal and submaximal lifting
assessments. When compared to the Non-precise tasks, precise object placement
reduces the maximal mass a subject is able to lift, and consequently choose to lift a
lower mass during the maximal acceptable weight of lift assessment to successfully
meet the precision requirements. Despite conflicting results in rating of perceived
exertion, precision alters the task demands during maximal and submaximal lifting.
This has an important practical application to the workplace recognising an employee s
perception of what they can lift may not match their physical ability when performing
manual tasks that require precision. To ensure physical ability and perception of ability
are matched, manual workers should be educated and trained on various task
characteristics and parameters including precision, to ultimately have the required
knowledge to increase task success and reduce the risk of injury.
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Previous investigations have found maximal acceptable weight of lift assessments,
along with physical strength and anthropometric measures to be highly correlated
with maximal lift capacity. The correlations found in the Non-precise conditions
between maximal lift capacity and maximal acceptable weight of lift were significantly
less than previous investigations regardless of lift height. This may be attributed to
differences in subject stature and sample size. Within our investigation, twelve subjects
both male and female ranged from 158 cm to 192 cm in height, and had no formal
resistance training or manual handling experience. Previous investigations have
primarily used a military cohort, consisting mainly of male subjects who have previous
experience in resistance training and performing manual tasks. However, within our
investigation, the correlations found from the Non-precise conditions between
strength assessments and maximal lift capacity were high and consistent with previous
research, resulting in the 6RM squat having the highest correlation of all assessments.
It was hypothesised that the maximal acceptable weight of lift assessment, regardless
of lift height or condition would be the best predictor of maximal lift capacity as it
involved an identical lift technique and task parameters only differing on the final box
placement. The correlations, and hence the ability to predict maximal lift capacity of
the Precise condition were significantly different and much lower when compared to
the Non-precise correlations. Within the Precise condition at an absolute lift height,
maximal acceptable weight of lift was the best predictor of maximal lift capacity,
however the R2 was only 0.56. Furthermore, at a relative lift height, maximal acceptable
weight of lift, strength assessments or anthropometric measures were not correlated in
predicting maximal lift capacity requiring precise object placement. Our results suggest
that the same correlation and predictions between physical strength and sub-maximal
lifting assessments with maximal lift capacity cannot be used when Precise object
placement during manual lifting is required. Therefore, when considering physical
employment standard assessments and workloads determination for tasks that require
precision, the ability to use an alternative assessment is limited and hence precision
seems to require specific assessment for maximal and submaximal lifting tasks.
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A limitation within our first investigation (Chapter 2 and 3) was a small sample size
with respect to specific correlation analysis. Conducting this investigation with a
greater subject cohort may result in more conclusive results and therefore greater
evidence behind superior predictors of maximal lift capacity and variations in reported
perceived exertion during precise lifting. Precision was found to significantly affect the
mass lifted and rating of perceived exertion in maximal and submaximal lifting tasks.
During maximal lift capacity alone muscle activity, lift duration, box control and stance
duration altered with a precise object placement. Precision therefore appears to be an
important lifting task variable requiring specific assessment. However, it remains
unknown if precision would also affect repetitive lifting. Therefore, Chapter 4
investigated the effect of precision on time-to-task failure using a submaximal
repetitive lifting task. A secondary aim was to examine the physiological effect of
precision on repetitive lift capacity. Measurements included time-to-task failure,
muscle activation, single lift duration, heart rate, rating of perceived exertion, box
control and stance duration. These were compared between a Precise and Non-precise
lifting condition. It was hypothesised that precise object placement would result in; i)
reduced time-to-task failure, ii) increased muscle recruitment, iii) decreased heart rate
and perceived effort, iv) increased lift duration associated with decreased total box
movement, and iv) increased duration in split stance position.

This investigation has shown the addition of a precision constraint to a whole-body
repetitive lifting task markedly reduced time-to-task failure by 72% and modified the
movement strategy of the repetitive lifting task. In agreement with the second
hypothesis, muscle activation of the primary shoulder flexor muscles (left anterior
deltoid 27% and right anterior deltoid 23%) increased during the Precise repetitive
lifting task at task failure only. This suggests greater recruitment of motor units within
the muscle at task failure, consistent with previous isometric investigations. This result
suggests the increased neural drive to the primary shoulder flexors accelerates muscle
fatigue and therefore is a possible mechanism reducing time-to-task failure with
precision. However, the other muscles assessed bilaterally showed no significant
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difference in muscle activity. Similar to the results from Chapter 2, muscle activity may
have increased in other muscles not measured, or perhaps more central neural
mechanisms may have been involved which cannot be measured by EMG. The
differences between EMG results of the Deltoidanterior within Chapters 2 (MLC) and
Chapter 4 (repetitive) may be explained by the different type of lifting tasks. Chapter 2
found no difference in muscle activity within the primary shoulder flexor muscles
between the Precise and Non-precise conditions at a at relative lift height, however
muscle activity was reduced at an absolute lift height. However, during the repetitive
lifting task muscle activation of the primary shoulder flexor muscles significantly
increased. Previous isometric time-to-task failure investigations have stated that task
failure is specific to the type of muscle contraction, intensity, specific muscle groups
involved and the external environment in which the task is being performed. To
explain the differences is our results, Chapter 2 is a one-repetition maximal lifting task
without a defined lifting cadence whereas Chapter 4 is a repetitive lifting task to
volitional exhaustion having a defined lifting cadence. Therefore comparing a maximal
strength task to sub-maximal endurance task elicits a different muscle activation and
intensity and cannot be directly compared. However, to make a recommendation for
manual task guidelines to increase workplace safety, our results suggest performing a
repetitive lifting task that requires precision to shoulder height may increase the risk of
shoulder injuries shown by the increase muscle activity of Deltoidanterior.

Consistent with hypothesis 3, heart rate and rating of perceived exertion were both
lower throughout the entire Precise repetitive lifting task. However, this was only
significant in the early to mid-part of the repetitive lift. We observed a significant
interaction between rating of perceived exertion at the commencement and end of the
Precise repetitive lifting task, however during the Non-precise condition no interaction
was observed. These findings highlight Precise lifting remained persistently exerting
throughout the entire task duration, which may be reflected in the increase in lift
duration and greater control, consequently reducing time-to-task failure by 3-fold.
Regardless of the lift number, the total box movement throughout the entire lift was
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significantly lower (32% initial lifts and 33% final lifts) in the Precise condition, and
consequently subjects held the box for a greater duration (36% initial lifts and 38% final
lifts) despite lifting at a set cadence of 6 lifts.min-1. These results are consistent with the
findings of Chapter 2 and supported by earlier research. Previous investigations have
found mechanical palletising tasks demanding precise object placement required the
operator to hold the load for a longer period which necessitated a slower movement to
ensure the object was placed in the desired location. Given the fixed lifting cadence
employed in the current investigation, precision required the subjects to prolong the
loaded coupling period with the box and reduce the rest period (unloaded) between
each lifting cycle. The increase in total work may explain the mechanism behind the
decreased time-to-task failure in the Precise condition. This is a key point for manual
task guidelines to recognise repetitive tasks that require precision alter the work to rest
ratio when given a set cadence or deadline for task completion. Employers should be
aware of this and allow employees adequate time to successfully complete to reduce
the potential risk of injury from fatigue.

Reduced box movement and increased lift duration with the Precise condition suggests
an altered movement strategy and is further supported by increased time in a split
stance foot position (27% during initial lifts and 44% during final lifts). Overall results
suggest that increasing the requirement for accuracy in the placement of an object
elicits marked changes in work capacity and physiological response during repetitive
lifting. Applying our findings within a workplace setting for repetitive lifting tasks,
occupational health and safety guidelines should acknowledge endurance capacity is
significantly reduced when precision is required. Beyond the focus of this research,
however able to speculate, employees may require specific strength and endurance
training focusing on precise object placement to reduce the risk of injury, matching
physical capacity to the physical demands of the precise task.

Currently, the effect of precision on whole-body lifting performance is not recognised
within international manual handling standards, or formally acknowledged within
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formulae that are used to estimate task demand for manual lifting. Our results suggest
that precision alters the task demand and therefore if not considered may result in a
mismatch between intrinsic physical capacity and extrinsic task demands.

5.2 Conclusions
Precision has a dramatic effect on lifting capacity reducing the mass an individual can
maximally lift (Chapter 2) and chooses to comfortably lift (Chapter 3). Similarly
repetitive lift duration to task failure is significantly attenuated with precise object
placement (Chapter 4). Therefore, it is concluded that precise object placement should
be considered when analysing manual lifting tasks and for the design and
implementation of physical employment standard assessments within the military.
Precise object placement takes longer to complete, alters the biomechanical movement
strategy, and most importantly alters the relationship between physical capacity and
task demand when compared to the same non-precise task. If precision is not
considered, the potential for a mismatch between physical capacity and task demand is
increased, increasing the risk of injury. This has important implications for workplace
assessments, manual handling guidelines and rehabilitation or training for tasks that
require precise object placement.
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5.3 Recommendations for the future
Based on the results of this thesis, the following recommendations are made for future
research, in order to improve precision placement manual tasks:
1. From our investigation the difference in movement strategy, muscle activity
and rating of perceived exertion suggests that central and/or psychophysical
mechanisms may be contributing to this difference. Future investigations
should further investigate the mechanisms behind the dramatic effect precision
has on maximal lift capacity, maximal acceptable weight of lift and submaximal
repetitive lifting to task failure.
2. A greater subject cohort with characteristics similar to specific work
environment, such as the military, may produce results appropriate to the
specified occupation. The subject or workers previous training may have a
significant impact on their ability to perform precise lifting tasks.
3. Furthermore, a greater subject cohort could also investigate differences within
gender, stature and other specified anthropometric characteristics. This may
provide us with a greater understanding on specific characteristics required to
successfully complete precise lifting tasks.
4. As precision had such a dramatic effect on all three lifting assessments,
maximal lift capacity, maximal acceptable weight of lift and repetitive lifting,
future research could investigate different manual tasks that involve precision.
For example, other manual tasks that lift or move different objects. Within the
military, this may include lifting and placing ammunition cases onto the back of
military tanks, or lifting a tyre and placing onto the back of the truck.
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APPENDIX A:
SECTION A – INFORMED CONSENT
(MAXIMAL LIFT CAPACITY AND MAXIMAL ACCEPTABLE
WEIGHT OF LIFT)
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INFORMED CONSENT:
Does movement position influence lifting capacity?

The researchers conducting this project adhere to the Declaration of Helsinki, and follow the principles governing both
the ethical conduct of research and the protection (at all times) of the interests, comfort and safety of experimental
subjects. This form, and the accompanying Subject Information Package, are given to you for your own protection, and
contain an outline of the experimental procedures and the possible hazards.

My signature below indicates five things:
(1) I have received and carefully read the Subject Information Package.
(2) I have been given the opportunity to discuss the content of this document with one of the researchers prior
to commencing the experiment.
(3) I clearly understand these experimental procedures and possible hazards.
(4) I voluntarily agree to participate in the project.
(5) My participation may be terminated at any point without jeopardising my present, or future involvement
with the University, or, in the case of a student, my assessment for any subjects, or courses undertaken
through the University.

Questions concerning the procedures, or rationale, used in this investigation are welcome at any time. Please ask for
clarification of any point that you feel is not explained to your satisfaction. Your initial contact person is: Dr Herb
Groeller (School of Health Sciences, University of Wollongong: phone 02-4221-3461), or ultimately to Prof. Julie Steele
(Head of School of Health Sciences: phone 02-4221-3463). For further information about the conduct of human
experiments, please contact the Secretary of the Human Research Ethics Committee, University of Wollongong (phone:
02-4221-4457).

I agree to participate in the experiment outlined in the Subject Information Package, that will be conducted within the
Biomechanics Research Laboratory (Building 15.G20) at the University of Wollongong.

Last name: __________________ Given name: ______________ Date of Birth: __/__/__
Address: _______________________________________________________

Do you give consent for photographs of yourself (dressed as described in the Subject Information Package, with your
identity masked) to be taken during experimentation for educational/research purposes? _____

Name and phone number of contact person in case of an emergency:
Name: _________________________ Phone: ________________
Family doctor: _________________________ Phone: ________________
Signature: __________________________ Date: __/__/__
Witness: Name ______________________ Signature: _______________
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SUBJECT SCREENING QUESTIONNAIRE:
Exercise Research Laboratory
School of Health Sciences, University of Wollongong
Please answer the following questions as frankly and accurately as possible.
This questionnaire is designed to protect the health of both the subject and experimenter.
ALL INFORMATION OBTAINED IN THIS STUDY WILL BE KEPT CONFIDENTIAL.
NAME: _______________________________________________________
RESEARCH ID CODE: (leave blank) ________________ DATE: _____________________
ADDRESS: _____________________________________________________________________
______________________________________________________ Post Code ________
TELEPHONE: Home: _______________________ Work: _____________________
DATE OF BIRTH: ________________ (mm/dd/yr)

AGE: _________ years

GENDER: ( ) male ( ) female
MARITAL STATUS: ( ) single

( ) married

( ) widowed

( ) separated

SECTION A: OCCUPATIONAL HISTORY:
(1) Your current occupation or job: __________________________________________________
(2) Specify total period at this occupation: ______ years.
(3) As part of your present or past occupation, have you ever worked in or been exposed for
long periods to: ( ) dusty jobs

( ) smoky jobs ( ) gas fumes ( ) chemical fumes

SECTION B: MEDICAL HISTORY:
(1) Your family or personal doctor's details:
Name: __________________________________ Telephone Number: ___________________
Address: ________________________________________________________________________
(2) Do you have, or have you had any of these illnesses?
(a) Heart problems: ( ) yes

( ) no

If yes, please indicate the doctor s diagnosis: _____________________________________
First incident at age ______ years. Last incident on: ______________ (dd/mm/yr).
(b) Respiratory (lung) problems:

( ) yes

( ) no

If yes, please indicate the doctor's diagnosis: _____________________________________
First incident at age ______ years. Last incident on: ______________ (dd/mm/yr).
(c) Renal problems:

( ) yes

( ) no

If yes, please indicate the doctor's diagnosis: _____________________________________
First incident at age ______ years. Last incident on: ______________ (dd/mm/yr).
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(3) Do you have, or have you had, any of these other illnesses or health problems? For
example, high blood pressure, diabetes, muscle, bone, joint, neural disorders or major
operations. If no, skip to next question. If yes, please complete the details below for each item.
(a) If yes, please indicate the doctor's diagnosis: __________________________________
First incident at age ______ years. Last incident on: ______________ (dd/mm/yr).
(b) If yes, please indicate the doctor's diagnosis: __________________________________
First incident at age ______ years. Last incident on: ______________ (dd/mm/yr).
(c) If yes, please indicate the doctor's diagnosis: __________________________________
First incident at age ______ years. Last incident on: ______________ (dd/mm/yr).
(4) Do you have any medical condition(s) you feel the researchers should know about?
( ) no

( ) yes: please give details: _________________________________________

(5) Are you currently taking any medication prescribed by a doctor?
( ) no

( ) yes: please give details: _________________________________________

(6) Has a doctor ever said you have a heart condition and recommended only medicallysupervised physical activity?
( ) no

( ) yes

(7) Do you have chest pain which was brought on by physical activity?
( ) no

( ) yes

(8) Have you developed non-respiratory chest pain within the past month?
( ) no

( ) yes

(9) Do you have a tendency to lose consciousness or fall over as a result of dizziness?
( ) no

( ) yes

(10) Has a doctor ever recommended medication for blood pressure or a heart condition?
( ) no

( ) yes

(11) Do you have a bone or joint problem that could be aggravated by physical activity?
( ) no

( ) yes

(12) Are you aware, through your own experience, or through a doctor's advice, of any other
physical reason against your exercising without medical supervision?
( ) no

( ) yes

If yes, please explain briefly: _____________________________________________
(13) Do you ever have to stop for a rest, or to catch your breath, when:
( ) only when engaging in very strenuous exercise
( ) walking at your own pace on level ground
( ) walking up a slight hill or stairs
( ) dressing & undressing
( ) gardening
( ) other activities: please specify:__________________________________________
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(14) Do you usually cough on getting up, or first thing in the morning?
( ) no

( ) yes

(15) Do you usually cough during the day or night?
( ) no

( ) yes

(16) Do you usually cough like this most days, or 3 consecutive months during this year?
( ) no

( ) yes

If yes, for how many years have you had this cough?

______ years.

(17) Do you usually cough up phlegm on getting up, or first thing in the morning?
( ) no

( ) yes

(18) Do you usually cough up phlegm during the day or at night?
( ) no

( ) yes

(19) Do you usually produce phlegm daily, or 3 consecutive months during this year?
( ) no

( ) yes

If yes, for how many years have you had trouble with phlegm? ______ years.
(20) Does your chest ever sound wheezy or whistling, either at rest or during exercise?
( ) no

( ) yes

If yes, for how many years has it been present? ______ years.
(21) Have you ever had an attack of wheezing that has made you feel short of breath?
( ) no

( ) yes

If yes, have you ever required medicine or treatment for such an attack?
( ) no

( ) yes

SECTION C: SMOKING HISTORY:
(1) Have you ever smoked cigarettes?
( ) no: go to Section D

( ) yes

NO means less than 20 packs in a lifetime or less than 1 cigarette a day for 1 year.
(2) If yes, do you now smoke cigarettes (as of 1 month ago)?
( ) no

( ) yes

(3) If yes, how old were you when you first started regular smoking?

__ years.

(4) If yes, how many cigarettes do you smoke per day now? ______ cigarettes per day.
(5) If you stopped smoking completely, how old were you when you stopped? ___ years.
SECTION D: PHYSICAL ACTIVITY HISTORY:
(1) Do you consider yourself to be sedentary?
You exercise once or less per week for the last 10 years or for more than 2 years continuously since
turning 20 years.
( ) no

( ) yes

page 121

(2) Do you considered yourself to be habitually active?
You are currently active, you have a long history of regular physical activity since turning 20 years, or
for more than 10 years, and you exercise more than 3 times per week at an intensity greater than 50% of
your maximal capacity.
( ) no

( ) yes

(3) Does your employment involve physical work?
( ) no

( ) yes

If yes, on an average day, how hard would describe this work?
( ) light

( ) moderately heavy

( ) hard

( ) very hard

(4) On average, and when considered over the last month, how frequently are you engaged in
recreational or sporting physical exercise (such as: running, walking, swimming, cycling,
playing active sports or games, dancing, etc.)?
( ) less than once per week

( ) once per week

( ) 2-3 times per week

( ) 4-6 times per week ( ) at least once per day
(5) On average, and when considered over the last month, how long would you spend (in a
single session) engaged in these recreational or sporting physical exercise?
( ) less than 15 minutes at a time

( ) 15-20 minutes at a time

( ) 20-30 minutes at a time

( ) 30-40 minutes at a time

( ) 40-50 minutes at a time

( ) 50-60 minutes at a time

( ) more than 60 minutes at a time
(6) Consider now physical activity which is directed towards increasing your physical
endurance (fitness), that is, vigourous exercise at 60-70% or more of your maximal capacity.
How many times each week do you engage in this type of exercise?
( ) never ( ) rarely

( ) less than once per week

( ) once per week

( ) 3 times per week

( ) 4 times per week

( ) 5 times per week

( ) 6 times per week

( ) 7 times per week

(7) On average, and when considered over the last month, how long do engage in such
endurance exercise for any given exercise session?
( ) less than 30 min

( ) 30-40 min

( ) 40-50 min

( ) 50-60 min

( ) 60-70 min

( ) 70-80 min

( ) 80-90 min

( ) 90-100 min

( ) 100-110 min

( ) 110-120 min ( ) greater than 120 min
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(8) Consider now your hobbies and household duties (such as: gardening, home
maintenance, scrubbing floors, shopping, etc.) On average, over the last month, how
frequently do you engage in physical activity which is unrelated to either your regular job or
your recreational/sporting pursuits?
( ) less than once per week

( ) once per week

( ) 2-3 times per week

( ) 4-6 times per week ( ) at least once per day
(9) On average, and when considered over the last month, how long would you spend (in a
single session) engaged in the above physical activity?
( ) less than 15 minutes at a time

( ) 15-20 minutes at a time

( ) 20-30 minutes at a time

( ) 30-40 minutes at a time

( ) 40-50 minutes at a time

( ) 50-60 minutes at a time

( ) more than 60 minutes at a time
(10) Have you changed your physical activity patterns in the last 5 years?
At work: ( ) no

( ) increased

( ) decreased

Sport and recreation:

( ) no

( ) increased

( ) decreased

Other physical activity: ( ) no

( ) increased

( ) decreased

(11) If you answered `YES' to any parts of the above question, then prior to these changes, did
you consider yourself to be:
Sedentary:

( ) no ( ) yes

Habitually active:

( ) no

( ) yes

Declaration:
To the best of my knowledge, my answers to the above questions are true.
Name: _____________________________

Witness: _________________________

Signature: __________________________

Signature: _______________________

Date: ________________

Date: ________________
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SUBJECT INFORMATION PACKAGE
Does movement position affect lifting capacity?

ITEM 1: PROJECT OBJECTIVES
To investigate the effect of movement position on box lift strength.

ITEM 2: RATIONALE
There are many aspects of our day to day life that require some type of lifting, whether it be an
occupational setting or around the home. Many of these lifting tasks also require control and
precision during the lift and placement of the object. For example, lifting and placing a cereal
box on a shelf, or positioning a spare car tyre so that it fits onto the wheel lugs. In order to be
successful in performing these tasks, not only do we have to move the object, we must also have
some control and precision in the way the object is moved so that the lift can be performed
successfully. Within this study we will be investigating the effect of precision on the ability to
perform a strength lifting task.

ITEM 3: TEST PROCEDURES
You will be required to visit the biomechanics laboratory (15:G20) on 5 occasions over a 2-3
week period. Each visit to the laboratory will take approximately 1-4 hours of your time. Each
session will require you to perform a series of box squat lifts. The measurement we are
interested in is how much weight you can lift comfortably without strain.

Session 1 – 2
In the first two sessions you will become familiar with the lift movement and the box to be
lifted. You will be required to perform the box lift a number of times unloaded to ensure you
can perform the movement consistently and safely. We will also measure your leg strength and
upper body strength. We will determine your 6RM weight for a bench press and squat during
session 1. To ensure you are fully recovered you will be given a minimum of 3 minutes rest
between each set and 12-15 minutes rest between each assessment. Your height, weight and
various limb lengths will also be measured during the session.
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Session 3
In this session we are going to determine your 1RM for a lift from the floor to a 1.7m height.
This is identical to the lift you practiced during the two familiarisation sessions. However, in
this session we are going to determine your lift strength in four different ways. The first way
will be to determine your lift strength, this will require a number of lifts until you feel that you
have reached your maximal lift capacity. The second way will require you to perform the
identical movement, but this time you will be required to control and position the lift box. The
third and fourth lifting tasks are identical to the first two; however this time it will require you
to lift the box to shoulder height, rather than 1.7m. To ensure you are fully recovered you will
be given 3-5 minutes rest between each lift and 15-20 minutes rest between each type of lift.

Session 4 and 5
In Sessions 4 and 5 we will require you to perform the identical lift movements and heights that
you experience in session 3. However we have broken up these lifting movements to occur over
two sessions. Now that we have measured your lift strength in Session 3, we are interested in
determining your maximal acceptable lift. You might wonder what the difference is between a
maximal lift and a maximal acceptable lift? In the maximal acceptable lift, we are interested in
determining what weight of lift you would feel comfortable routinely lifting. To do this, we will
give you two identical boxes, one box will be significantly lighter than the other box, as per
Session 3 you will be required to lift the box from the ground to a height of 1.7 metres.
Importantly, you will not know what the starting weight is in either box. By trial and error, we
will require you to add or subtract weight to the boxes until you reach a box lift weight that
would be acceptable for you to lift routinely without strain. Once you have determined the
maximal acceptable lift weight you will rest for 15

20 minutes and repeat the task again,

however this time you will be required to determine maximal acceptable lift weight, when the
task has to be performed with precision and control. Session 5 is identical to Session 4 but this
time we will require you to perform the lifts to shoulder height.

Monitoring
In Session 3-5 will be monitoring your lift perform in number of different ways. We will
measure the way your muscles are turned on, using electrodes placed on specific muscles. We
will also measure heart rate, using a band around your chest and ask for a rating of your
exertion for each of the lifts.
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Muscle surface electrodes: While lying on the bed, electrodes that adhere to the surface of the skin
will be attached. Prior to attaching the electrodes, the skin surface will be lightly shaved,
abraded and wiped with alcohol. This preparation ensures that we can obtain excellent signal
quality from the electrodes attached to your skin. The electrodes will be attached with a water
soluble sticky gel. Electrodes will be attached to your upper arm and shoulder, along with the
back of your leg, lower back and hip regions. Each electrode has an insulated wire and this wire
lead will be plugged into a computer that will allow researchers to measure the electrical
activity of your muscles.

Heart rate monitor: An adjustable strap will be placed around you chest, and fitted for comfort.
This strap has two electrodes that will detect the electrical activity of your heart. The strap will
send a wireless signal to a watch which will be used to determine your heart rate.

Rating of perceived exertion: At the completion of the each lift, you will be asked to give a rating
of your exertion from a 0 (no effort at all) to 10 (maximal effort).

ITEM 4: HAZARDS AND DISCOMFORTS
Exercise
As with any task there is a risk of injury. We will minimise this risk by familiarising you with
the task and monitoring your lifting technique. Should your lifting technique be incorrect, you
will be required to stop the lift. This will be a sign that you have reached your maximal lift
capacity. Furthermore, the short periods of maximal exercise, may result in mild delayed
muscle soreness. Muscle soreness is a normal response to unaccustomed physical activity.
Muscle soreness will peak normally two days after the physical activity bout and then return to
normal over the next few days.

Please note that we have requested emergency contact information from you. This information
will only be used and contact only made with the person in the case of a medical emergency
during the conduct of this project. Please note should there be a requirement for compensation
in the event of accident or injury, this research project is covered under the University General
Clinical Trial Protection insurance policy.
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ITEM 5: BENEFITS OF THE RESEARCH
This research will allow researchers to have better understanding of the effect of precision on
lifting capacity, a normal characteristic of most lifting tasks. This information will be used to
improve future investigations that will measure variations of maximal lifting capacity,
involving control, precision or accuracy. The investigation may also allow the researchers to
publish the results in a peer review journal. We do not predict any direct benefits for subjects
participating within the research project. However, some subjects may find that their
understanding of the human body is increased as a result of taking part in the investigation. No
researchers will receive payment for conducting this research project.

ITEM 6: INQUIRIES
Questions concerning the procedures, or rationale, used in this investigation are welcome at any
time. Please ask for clarification of any point which you feel is not explained to your
satisfaction. Your initial contact person is the investigator conducting this project Dr Herb
Groeller (School of Health Sciences, University of Wollongong: phone 02-4221-3461), or Miss
Brooke Collier (School of Health Sciences, University of Wollongong: phone 02-4221-4309). For
further information about the conduct of human experiments in general, please contact the
Secretary of the Human Research Ethics Committee, University of Wollongong (phone: 02-42214457).

ITEM 7: FREEDOM OF CONSENT
Participation in this project is entirely voluntary. You are free to deny consent before, or during,
the experiment. In the latter case, such withdrawal of consent should be performed at the time
you specify, and not at the end of a particular trial. Your participation, or withdrawal of
consent, will not influence your present, or future, involvement with the University of
Wollongong. In the case of student involvement, such participation of withdrawal of consent
will not influence grades awarded by the University. You have the right to withdraw from any
experiment, and this right shall be preserved over and above the goals of the experiment.
Should you wish to withdraw your participation and related data please contact one of the
investigators listed in Item 6 of this information sheet to have your participation and research
data immediately withdrawn from the investigation.
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ITEM 8: CONFIDENTIALITY
All questions, answers and results of this study will be treated with absolute confidentiality. All
experimental data will be stored in locked cabinets for a minimum of five years. Subjects will
never be identified within reports or manuscripts using either their names or initials. Instead,
subjects will only be identified using alphanumeric codes. Occasionally, we will record parts of
experiments using video or still photographs. Note that light exercise clothing will be worn for
all experiments. These images may be used for conference presentations, dissertations,
manuscripts, lectures or laboratory demonstrations. In all printed forms, we will mask the
identity of the experimental subject. Prior to any such photography, you will be asked to
provide your explicit consent for such images to be captured. There is no obligation to provide
this consent.
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(MAXIMAL LIFT CAPACITY AND MAXIMAL ACCEPTABLE
WEIGHT OF LIFT)
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APPENDIX E:
LIFTING TECHNIQUE, POWER POINT SLIDES AND
COMMENTRY
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Two phase lifting technique

Slide 1

Two Phase
Lifting
Technique

Phase one

Slide 2

Phase One

Slide 3

Stand with feet shoulder width
apart, facing the shelf

Stand
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Squat and grip the box handles
looking forward

Slide 4

Squat

Stand upright with the box

Slide 5

Stand

Phase Two

Slide 6

Phase Two
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Step forward and place the box on
the shelf

Slide 7

Step &
Place

Slide 8

Two Phase
Lifting
Technique

Slide 9
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The two phase lifting technique is
performed as a fluent movement.

Slide 10

Slide 11

Slide 12
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Slide 13

Good vs. Poor
Lifting
Technique

Slide 14

Place the box, do not slide

Box Placement

PLACE do not slide

Slide 15

Good vs. Poor lifting technique.
Here are a few examples of the
do s and don t when lifting.

Box Placement

PLACE do not slide
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Slide 16

Box Placement

PLACE do not slide

Slide 17

Box Placement

PLACE do not slide

Slide 18

For safety reasons, use your legs to
lift do not use your back.

Lifting
Technique
BEND LEGS not
back
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Slide 19

Lifting
Technique
BEND LEGS not
back

Maintain a neutral spine
throughout the lift

Slide 20

Posture

STRAIGHT BACK
no arching

Slide 21

Posture

STRAIGHT BACK
no arching
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Slide 22

Posture

STRAIGHT BACK
no arching

Slide 23

Posture

STRAIGHT BACK
no arching

Take a step forward to protect
your back

Slide 24

Step Forward

USE LEGS not
back
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Slide 25

Step Forward

USE LEGS not
back

Look forward throughout the
entire lift

Slide 26

Head Position

LOOK FORWARD
not down

Slide 27

Head Position

LOOK FORWARD
not down
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Slide 28

Head Position

LOOK FORWARD
not down

Slide 29

Head Position

LOOK FORWARD
not down

Slide 30

Two Phase
Lifting
Technique
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Here is the complete movement
pattern again. Remember this is
completed as a fluent movement

Slide 31

Slide 32

Slide 33
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Slide 34

Slide 35

Now
commence
warm-up /
familiarisation
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If there are no questions, you may
now commence your warm up or
familiarisation

APPENDIX F:
MAXIMAL LIFT CAPACITY SUBJECT INSTRUCTIONS
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MAXIMAL LIFTING CAPACITY:
Verbal Instructions
Read instructions to subject:

-

You will commence the first lift at an 8.5 kg load and lift the box to this
lift height

-

(PRECISION: You are required to use as much accuracy and precision as
possible when placing the box onto the platform. Remember do not slide
the box. It must be placed carefully, between the two markers without
touching them).

-

We will adjust the load; you will not know the precise mass increase of
each lift

-

You will have a minimum of 3 minutes rest between each lift to allow
your muscles to recover before attempting the next lift

-

Before the next lift we will inform you what size increment we have
made, MEDIUM or SMALL. You will not know the precise mass of each
increment

-

This procedure will continue with each lift, until we find your one
repetition maximum lift

-

You will be allowed a minimum of 12 minutes rest between each
different assessment

Remember we are trying to find is the maximum amount you can lift
(PRECISION: placing the box precisely between the two markers)
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APPENDIX G:
OMNI-10 POINT RATING OF PERCIEVED EXERTION SCALE
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OMNI-10 POINT RATING OF PERCIEVED EXERTION
INSTRUCTIONS:
Verbal Instructions (Read to subject)
RPE Measurement:
Suggest using the OMNI Rating of Perceived Exertion scale. This scale uses a
combination of words, pictures and numbers to describe feeling and has been shown to
possess stronger relationships with measures of workload, such as lifting weight.
Please take note of the instructions that should be read when showing the scale.

Definition: The perception of physical exertion is defined as the subjective intensity of
effort, strain, discomfort, and/or fatigue that you feel during exercise.

Figure A: OMNI-10 point rating of perceived exertion scale
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Instructions: We would like you to use these pictures to describe how your body feels
during manual handling exercise (show subject the OMNI-RES). You are going to
perform a lifting task using your upper and lower body. Please look at the person at
the bottom of the scale who is performing a repetition using a light weight. If you feel
like this person when you are lifting the weight the exertion will be EXTREMELY
EASY. In this case, you would respond with the number zero. Now look at the person
at the top of the scale who is barely able to perform a repetition using a very heavy
weight. If you feel like this person when you are lifting the weight the exertion will be
EXTREMELY HARD. In this case, you would respond with the number 10. If you feel
somewhere in between Extremely Easy (0) and Extremely Hard (10), then give a
number between 0 and 10.

Anchoring of the scale: Use your memory of the least and greatest effort that you have
experienced while performing a lift of this nature. The easiest would be EXTREMELY
EASY or 0, while the hardest would be EXTREMELY HARD or 10. Use these memories
to aid in your selection.
(Note: this will help to establish a visual-cognitive link ensure the OMNI-RES scale is
in full view while giving these explanations).

Procedure: We will ask you to give a number that describes how your active muscles
feel and then a number that describes how your whole body feels (only use with multiple
repetitions). Remember, there are no right or wrong numbers. Your number can change as
you lift the weight (repetitive only). Use both the pictures and the words to help select the
numbers. Use any of the numbers to describe how you feel when lifting the weight.
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APPENDIX H:
MAXIMAL ACCEPTABLE WEIGHT OF LIFT SUBJECT
INSTRUCTIONS
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MAXIMAL ACCEPTABLE WEIGHT OF LIFT:
Verbal Instructions (Read all to subject)
We want you to imagine that you are getting paid for the amount of work that you do,
but working a normal 8-hour shift that allows you to go home without feeling tired or
fatigued.

In other words, we want you to work as hard as you can without straining yourself, or
without becoming unusually tired, weakened, overheated or out of breath.

YOU ADJUST YOUR OWN WORK LOAD. Your job is to adjust the load; that is, to
adjust the weight of the box that you are handling. Adjusting your own work load is
not an easy task. Only you know how you feel.

You will adjust the weight of the box by putting in or taking out scoopful of pebbles.
Do not hurry your lift, test the weight as many times as you feel necessary.

IF YOU FEEL YOU ARE WORKING TOO HARD, reduce the load.
WE DONT WANT YOU SLACKING OFF EITHER. If you feel you can work harder,
add more weight.

DON T BE AFFRAID TO MAKE ADJUSTMENTS. You have to make enough
adjustments so that you are feeling good for what is too heavy and what is too light.
You can never make too many adjustments

but you can make too few.

REMEMBER... THIS IS NOT A CONTEST.WHAT WE WANT IS YOUR JUDGMENT
ON HOW HARD YOU CAN WORK WITHOUT BECOMING UNUSUALLY TIRED.

You should be able to lift this weight once per day, every day, for the rest of the
year, without injuring yourself. We are trying to find is the maximum amount you
can comfortably lift once per day without any strain.
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MAXIMAL ACCEPTABLE WEIGHT OF LIFT:
Verbal Instructions (Read all to subject)
Read instructions to subject:

-

For each Maximal Acceptable Weight of Lift assessment you will complete two
box lifts to this lift height.

-

You will commence one of the two box lifts with a heavy/light starting box
weight.

-

You will adjust the weight of the box by scooping the pebbles from one plastic
tub to the other, either making the box heavier or lighter.

-

We will weigh this amount and make the box heavier or lighter. You will not
know the precise mass.

-

You will have a minimum of 3 minutes rest between each lift to allow your
muscles to recover before attempting the next lift

-

This process will continue until you are 100% certain that the box weight is
the maximum amount you can comfortably lift once per day without any
strain. (PRECISION: placing the box precisely between the two markers)

-

Remember you cannot make too many adjustments, but you can make too few.

-

The next assessment will commence with a heavy/light box weight.

-

You will adjust the mass with the pebbles exactly as you did for the heavy/light
box.

-

You will be allowed a minimum of 12 minutes rest between each different
assessment

You should be able to lift this weight once per day, every day, for the rest of the year,
without injuring yourself.
We are trying to find is the maximum amount you can comfortably lift once per day without
any strain
(PRECISION: placing the box precisely between the two markers)
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SECTION B – INFORMED CONSENT
(REPETITVE LIFTING)
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INFORMED CONSENT:
Does movement position influence lifting capacity?

The researchers conducting this project adhere to the Declaration of Helsinki, and follow the principles governing both
the ethical conduct of research and the protection (at all times) of the interests, comfort and safety of experimental
subjects. This form, and the accompanying Subject Information Package, are given to you for your own protection, and
contain an outline of the experimental procedures and the possible hazards.

My signature below indicates five things:
(1) I have received and carefully read the Subject Information Package.
(2) I have been given the opportunity to discuss the content of this document with one of the researchers prior
to commencing the experiment.
(3) I clearly understand these experimental procedures and possible hazards.
(4) I voluntarily agree to participate in the project.
(5) My participation may be terminated at any point without jeopardising my present, or future involvement
with the University, or, in the case of a student, my assessment for any subjects, or courses undertaken
through the University.

Questions concerning the procedures, or rationale, used in this investigation are welcome at any time. Please ask for
clarification of any point that you feel is not explained to your satisfaction. Your initial contact person is: Dr Herb
Groeller (School of Health Sciences, University of Wollongong: phone 02-4221-3461), or ultimately to Prof. Anne Cusick
(Head of School of Health Sciences: phone 02-4221-4161). For further information about the conduct of human
experiments, please contact the Secretary of the Human Research Ethics Committee, University of Wollongong (phone:
02-4221-4457).

I agree to participate in the experiment outlined in the Subject Information Package, that will be conducted within the
Biomechanics Research Laboratory (Building 15.G20) at the University of Wollongong.

Last name: __________________ Given name: ______________ Date of Birth: __/__/__
Address: _______________________________________________________

Do you give consent for photographs of yourself (dressed as described in the Subject Information Package, with your
identity masked) to be taken during experimentation for educational/research purposes? _____

Name and phone number of contact person in case of an emergency:
Name: _________________________ Phone: ________________
Family doctor: _________________________ Phone: ________________
Signature: __________________________ Date: __/__/__
Witness: Name ______________________ Signature: _______________
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APPENDIX J:
SECTION B – SUBJECT INFORMATION PACKAGE
(REPETITVE LIFTING)
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SUBJECT INFORMATION PACKAGE
Does movement position affect lifting endurance?

ITEM 1: PROJECT OBJECTIVES
To investigate the effect of movement position on box lifting endurance.

ITEM 2: RATIONALE
There are many aspects of our day to day life that require some type of lifting, whether it be an
occupational setting or around the home. Many of these lifting tasks also require control and
precision during the lift and placement of the object. For example, lifting and placing a cereal
box on a shelf, or positioning a spare car tyre so that it fits onto the wheel lugs. In order to be
successful in performing these tasks, not only do we have to move the object, we must also have
some control and precision in the way the object is moved so that the lift can be performed
successfully. Within this study we will be investigating the effect of precision on the ability to
perform a strength lifting task.

ITEM 3: TEST PROCEDURES
You will be required to visit the biomechanics laboratory (15:G20) on 4-5 occasions over a 2-3
week period. Each visit to the laboratory will take approximately 1-2.5 hours of your time. Each
session will require you to perform a series of box squat lifts. The measurement we are
interested in is how long you can repetitively lift a box to shoulder height.

Session 1
In the first session you will become familiar with the lift movement and the box to be lifted. You
will be required to perform the box lift a number of times unloaded to ensure you can perform
the movement consistently and safely. We will also measure your leg strength and upper body
strength. We will determine your 6RM weight for a bench press and squat during this session.
To ensure you are fully recovered you will be given a minimum of 3 minutes rest between each
set and 12-15 minutes rest between each assessment. Your height, weight and various limb
lengths will also be measured during the session.
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Session 2
In this session we are going to determine your 1RM for a lift from the floor to your shoulder
height. This is identical to the lift you practiced during the familiarisation session. However, in
this session we are going to determine your lift strength in two different ways. The first way
will be to determine your lift strength, this will require a number of lifts until you feel that you
have reached your maximal lift capacity. The second way will require you to perform the
identical movement, but this time you will be required to control and position the lift box. To
ensure you are fully recovered you will be given 3-5 minutes rest between each lift and 15-20
minutes rest between each type of lift.
You will repeat the familiarisation for the repetitive lifting as you did in session 1.

Session 3 and 4
In Sessions 3 and 4 we will require you to perform the same repetitive lift movements that you
experienced during your familiarisation in session 1 and 2. This time you will lift the box
repetitively until you can no longer lift the box to the shelf with safe lifting technique. We are
interested in the duration you are able to lift the box repetitively. Importantly, you will not
know the precise mass you are lifting. The box weight will be set at a certain percentage of your
1RM lift that was obtained during session 2.

Monitoring
In Session 3 and 4 will be monitoring your lift perform in number of different ways. We will
measure the way your muscles are turned on, using electrodes placed on specific muscles. We
will also measure heart rate, using a band around your chest and ask for a rating of your
exertion for each of the lifts.

Muscle surface electrodes: While standing, electrodes that adhere to the surface of the skin will be
attached. Prior to attaching the electrodes, the skin surface will be lightly shaved, abraded and
wiped with alcohol. This preparation ensures that we can obtain excellent signal quality from
the electrodes attached to your skin. The electrodes will be attached with a water soluble sticky
gel. Electrodes will be attached to your upper arm and shoulder, along with the back of your
leg, lower back and hip regions. Each electrode has an insulated wire and this wire lead will be
plugged into a computer that will allow researchers to measure the electrical activity of your
muscles.
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Heart rate monitor: An adjustable strap will be placed around you chest, and fitted for comfort.
This strap has two electrodes that will detect the electrical activity of your heart. The strap will
send a wireless signal to a watch which will be used to determine your heart rate.

Rating of perceived exertion: At the completion of the each lift, you will be asked to give a rating
of your exertion from a 0 (no effort at all) to 10 (maximal effort).

ITEM 4: HAZARDS AND DISCOMFORTS
Exercise
As with any task there is a risk of injury. We will minimise this risk by familiarising you with
the task and monitoring your lifting technique. Should your lifting technique be incorrect, you
will be required to stop the lift. This will be a sign that you have reached your maximal lift
capacity. Furthermore, the short periods of maximal exercise, may result in mild delayed
muscle soreness. Muscle soreness is a normal response to unaccustomed physical activity.
Muscle soreness will peak normally two days after the physical activity bout and then return to
normal over the next few days. Please note that we have requested emergency contact
information from you. This information will only be used and contact only made with the
person in the case of a medical emergency during the conduct of this project. Please note should
there be a requirement for compensation in the event of accident or injury, this research project
is covered under the University General Clinical Trial Protection insurance policy.

ITEM 5: BENEFITS OF THE RESEARCH
This research will allow researchers to have better understanding of the effect of precision on
lifting capacity, a normal characteristic of most lifting tasks. This information will be used to
improve future investigations that will measure variations of maximal lifting capacity,
involving control, precision or accuracy. The investigation may also allow the researchers to
publish the results in a peer review journal. We do not predict any direct benefits for subjects
participating within the research project. However, some subjects may find that their
understanding of the human body is increased as a result of taking part in the investigation. No
researchers will receive payment for conducting this research project.
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ITEM 6: INQUIRIES
Questions concerning the procedures, or rationale, used in this investigation are welcome at any
time. Please ask for clarification of any point which you feel is not explained to your
satisfaction. Your initial contact person is the investigator conducting this project Dr Herb
Groeller (School of Health Sciences, University of Wollongong: phone 02-4221-3461), or Miss
Brooke Collier (School of Health Sciences, University of Wollongong: phone 02-4221-4309). For
further information about the conduct of human experiments in general, please contact the
Secretary of the Human Research Ethics Committee, University of Wollongong (phone: 02-42214457).

ITEM 7: FREEDOM OF CONSENT
Participation in this project is entirely voluntary. You are free to deny consent before, or during,
the experiment. In the latter case, such withdrawal of consent should be performed at the time
you specify, and not at the end of a particular trial. Your participation, or withdrawal of
consent, will not influence your present, or future, involvement with the University of
Wollongong. In the case of student involvement, such participation of withdrawal of consent
will not influence grades awarded by the University. You have the right to withdraw from any
experiment, and this right shall be preserved over and above the goals of the experiment.
Should you wish to withdraw your participation and related data please contact one of the
investigators listed in Item 6 of this information sheet to have your participation and research
data immediately withdrawn from the investigation.

ITEM 8: CONFIDENTIALITY
All questions, answers and results of this study will be treated with absolute confidentiality. All
experimental data will be stored in locked cabinets for a minimum of five years. Subjects will
never be identified within reports or manuscripts using either their names or initials. Instead,
subjects will only be identified using alphanumeric codes. Occasionally, we will record parts of
experiments using video or still photographs. Note that light exercise clothing will be worn for
all experiments. These images may be used for conference presentations, dissertations,
manuscripts, lectures or laboratory demonstrations. In all printed forms, we will mask the
identity of the experimental subject. Prior to any such photography, you will be asked to
provide your explicit consent for such images to be captured. There is no obligation to provide
this consent.
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APPENDIX K:
SECTION B – ETHICS APPROVAL
(REPETITVE LIFTING)
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APPENDIX L:
SECTION B – REPETITIVE LIFTING SUBJECT INSTRUCTIONS
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REPETITIVE LIFTING:
Verbal Instructions
Read instructions to subject:

-

The box weight has been set at a specific percentage of your maximal
lifting capacity weight.

-

You are required to lift this weight at a rate of 6 lifts per minute, that is, 1
lift every 10 seconds, until you are no longer able to lift the box to the
shelf or complete the task with correct lifting technique.

-

You are required to lift and place the box onto the shelf but you are able
to slide the box off the shelf.

-

(PRECISION: You are required to use as much accuracy and precision as

possible when placing the box onto the platform. Remember it must be
placed carefully, between the two markers without touching them).
-

You will be given one warning for the signs of incorrect lifting technique
These include o

Sliding the box ONTO the shelf

o Unable to keep up with cadence
o PRECISION: Hitting one of the sticks
-

You must try and successfully complete the lift after your one warning.
Failing this, that is two incorrect in a row, the test will end.

-

If you fail two different signs in a row (e.g., slide box then not make
cadence), you are allowed a third attempt to correct it.

-

You will be given constant encouragement throughout your repetitive
lifting task.

Remember we are trying to find the maximum duration you can lift this weight
(PRECISION: placing the box precisely between the two markers)
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